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A B S T R A C T

Organophosphate flame retardants (OPFRs) have become pervasive environmental pollutants. However, there is 
a lack of information available regarding PM2.5-bound OPFRs emitted from industrial parks dedicated to the 
manufacturing and processing of metal-related products. In this study, 15 OPFRs in PM2.5 were identified from 
two industrial parks specializing in aluminum products and the deep processing of metals, respectively. The 
seasonal variations and health risks of OPFRs were investigated. The PM2.5 and OPFR concentrations were 
26.0–203 μg/m3 and 12.4–6.38 × 104 pg/m3, respectively. The OPFRs concentrations in the aluminum- 
processing industrial park exceeded those found in the metal-fabrication industrial park. Among the chloro-, 
aryl-, and alkyl-substituted OPFRs (i.e., Cl-OPFRs, aryl-OPFRs, and alkyl-OPFRs), Cl-OPFRs were the predomi
nant homologues in the two parks (69.3% and 51.4%) and the control site. Tetraethyl diphosphate and tris(2- 
chloroethyl) phosphate were the most commonly occurring homologues in the aluminum and metal- 
fabrication industrial parks, respectively. Seasonal variations of the target OPFRs were observed, although 
there were slightly different concentrations between the sites. The correlation and principal component analyses 
with multiple linear regression identified metal waste disposal as the leading source of OPFRs in metal parks 
(68.0%), followed by traffic emissions (25.3%), adhesives and flame retardants in construction-related sub
stances (3.82%), and mechanical emissions (2.85%). The health risk assessment showed that the hazard quo
tients for non-carcinogenic risk were <1, and the carcinogenic risks were <10− 6, which indicated that PM2.5- 
bound OPFRs presented no obvious non-carcinogenic or carcinogenic risks. Comparatively, the notably elevated 
noncarcinogenic and carcinogenic risks associated with Cl-OPFRs highlighted the importance of enforcing strict 
emission regulations during the disposal of metal waste.

1. Introduction

Organophosphate flame retardants (OPFRs) are the successors to 
polybrominated diphenyl ethers and have been widely used in various 
electronics, plastics, and daily necessities (Van den Eede et al., 2011). It 
has been reported that the consumption of OPFRs in 2013 totaled 
approximately 620 kt, constituting approximately 30% of the overall 
global market share for flame retardants (Research In China, 2014). 

Organophosphate flame retardants are additives that do not form 
chemical bonds with the host material, enabling their constant release 
into the environment via processes such as evaporation, wear and tear, 
and seepage. They have received widespread attention due to their 
pervasive occurrence across a range of environmental matrices, 
including water, sediment, air, dust, and soil (Bekele et al., 2019; Ren 
et al., 2023; Zhong et al., 2021). These chemicals have even been 
detected within living organisms (Li et al., 2023; Yang et al., 2024). 
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Numerous toxicological studies conducted on various organisms have 
revealed a multitude of concerning effects associated with Tris (1, 
3-dichloro-2-propyl) phosphate (TDCPP), Tris (2-chloroisopropyl) 
phosphate (TCIPP) (Li et al., 2023). These deleterious effects include 
hormonal interruption, neurological harm, liver toxicity, developmental 
toxicity, and interference with embryonic growth (Kim et al., 2019; Lu 
et al., 2023; Zeng et al., 2021).

Inhalation is one of the primary routes of human exposure to OPFRs. 
Fine particles (PM2.5), with an aerodynamic diameter of less than or 
equal to 2.5 μm, is a major environmental concern (Montone et al., 
2023; Thangavel et al., 2022). As semi-volatile compounds, OPFRs are 
prone to binding to PM2.5 in the atmosphere, and have the propensity to 
penetrate deep into the lungs where they can trigger a cascade of 
adverse effects, including lung cancer and cardiovascular diseases (Lu 
et al., 2018). Several studies have demonstrated the widespread pres
ence of OPFRs in PM2.5, for example, in Pakistani e-waste recycling re
gions (Faiz et al., 2018) and large Chinese cities (Tansel, 2017; Zhao 
et al., 2021). A recent study has shown that PM2.5-bound OPFRs are 
more persistent and can be transported for medium or long-distances 
(Sühring et al., 2016). Furthermore, Chen et al. (2020) found that 
PM2.5-bound OPFRs could lead to the death of healthy lung epithelial 
cells and demonstrated significant redox activity in generating reactive 
oxygen species according to in vitro assays. Characterizing the potential 
health hazards of OPFRs in PM2.5 is essential from both environmental 
and public health perspectives.

The release of OPFRs from industrial operations results in significant 
environmental contamination. For example, with the restriction and 
subsequent phasing out of polybrominated diphenyl ethers, OPFRs 
emerged as viable alternatives for use in electronic equipment. Indus
trial parks dedicated to the manufacturing, along with pyrometallurgical 
methods widely used to extract precious metals following board baking 
of metal-related products, are considered to be the primary or potential 
sources of OPFRs (Ma et al., 2021). However, there is little research 
available regarding PM2.5-bound OPFRs emissions from these industrial 
sites. Several investigations have attempted to examine the origins of 
OPFRs through correlation and principal component analyses of specific 
OPFRs (Ge et al., 2020; Sanchez-Pinero et al., 2022). However, little 
quantitative data regarding source apportionment is available, espe
cially for industrial sites where metal processing is conducted. It is 
important to determine the pollution concentrations, compositional 
characteristics, source apportionment, and potential health risks of 
OPFRs related to metal processing activities.

This study primarily investigated the temporal trends of PM2.5-bound 
OPFRs and source apportionments, as well as the associated potential 
human health risks from metal processing activities in industrial parks 
dedicated to the manufacturing and processing of metal-related prod
ucts. Atmospheric PM2.5 samples were collected in both parks 
throughout four consecutive seasons, and 15 individual OPFRs were 
targeted as the primary compounds of interest. Therein, the first park 
mainly focuses on in-depth development and processing of the 
aluminum industry. It emphatically develops the comprehensive utili
zation industry of renewable resources, including high-value utilization 
of recycled steel and recycled aluminum. The second park mostly con
sists of the deep processing steel and rare earth new material sectors. It 
creates deep processing projects for seamless pipes, bars, wire rods, 
plates etc. The present study identified the sources of OPFRs in metal 
processing activities and assessed the health risks to exposed workers.

2. Materials and methods

2.1. Reagents and materials

The target 15 OPFR congeners, including 2-ethylhexyl diphenyl 
phosphate (EHDPP), tris(2-chloropropyl) phosphate (T (2-C)PP), tris(2- 
butoxyethyl) phosphate (TBOEP), tris(chloropropyl) phosphate (TCPP), 
tri-o-cresyl phosphate (o-TCP), tri-p-cresyl phosphate (p-TCP), TDCPP, 

tris(2-chloroethyl) phosphate (TCEP), tris(2-ethylhexyl) phosphate 
(TEHP), tetraethyl diphosphate (TEP), tributyl phosphate (TBP), tri
phenyl phosphate (TPhP), tripropyl phosphate (TPrP), TCIPP, and tri-m- 
cresyl phosphate (m-TCP) were sourced from AccuStandard (New 
Haven, CT, USA). Three deuterium-labeled OPFRs (TCEP-d12, TPhP-d15, 
and TBP-d27) were also supplied by AccuStandard. High-performance 
liquid chromatography grade solvents, including ethyl acetate, 
dichloromethane, n-hexane, and iso-octane, were acquired from CNW 
(Duessedorf, Germany). Solid phase extraction cartridges were obtained 
from ANPEL Laboratory Technologies (Shanghai, China). Additionally, 
quartz fiber filter membranes (Whatman, Maidstone, UK) were used to 
sample PM2.5, with each filter baked for 6 h at 450 ◦C prior to the 
sampling process.

2.2. Sample collection

The current study involved gathering PM2.5 sample from an 
aluminum-processing industrial park (AP) (40.56◦ N, 110.12◦ E), a 
metal-fabrication industrial park (MP) (40.68◦ N, 109.74◦ E), and a 
control site (BH) (40.56◦ N, 109.92◦ E) in Baotou, Inner Mongolia 
Autonomous Region, China, in 2021. Sampling was conducted contin
uously over four seasons. In the AP, the capacity for recycling and 
processing scrap aluminum, steel, and rubber (plastic) was 225,000, 
2000,000, and 100,000 t/a, respectively. One hundred different 
aluminum alloy deep-processed products were manufactured in the AP, 
including chemosynthesis aluminum-foil, aluminum wheels, architec
tural aluminum profiles, and aluminum alloy automobile parts. In the 
MP, steel smelting and smelting waste recycling were the main activ
ities, and various rare earth metals, such as lanthanum, cerium, and 
neodymium, were formed by rare earth oxides after lava electrolysis. 
The BH is located nearby the studying area with similar climate and 
meteorological conditions, and the control site is generally less affected 
by industrial activities. Thus, we can better assess the impact of indus
trial activities on OPFRs in AP and MP by comparing them with the 
levels found in BH. The PM2.5 samples were collected using quartz fiber 
filter membranes (90 mm, Whatman) via model 2034 medium-volume 
air samplers (Laoying, China) at 100 L/min for approximately 8 h 
(from 9:00 a.m. to 17:00 p.m.) at a height of approximately 1.5–2 m 
above the ground. A total of 77 p.m.2.5 samples were collected. Table S1
presents the details of the sample data. The PM2.5 samples were coated 
with aluminum foil and then sealed inside a bag. Finally, they were 
refrigerated at − 20 ◦C until use.

2.3. Sample treatment and instrumental analysis

Following the addition of TCEP-d12, TPhP-d15, and TBP-d27 internal 
standards, each membrane was individually inserted into a Teflon 
centrifuge tube that held a 10 mL mixed solution of acetone, dichloro
methane, and n-hexane (1:2:2, v/v). The mixture was then vortexed for 
1 min. After 10 min of ultrasonic extraction, the sample was centrifuged 
at 2000 rpm. Chemicals were obtained following three extraction cycles. 
A copper sheet was added and the mixture was allowed to stand over
night. Afterward, the mixture of extracts was reduced to about 1 mL. The 
extract was then refined by passing it through a solid phase extraction 
cartridge that contained 1 g of Florisil, and OPFRs were eluted by 10 mL 
of ethyl acetate and dichloromethane (1:1, v/v). The eluents were blown 
to near dryness by a mild nitrogen stream, and the sample was rebuilt in 
50 μL iso-octane and kept at − 20 ◦C until further analysis.

The target OPFRs were measured using a gas chromatograph in 
conjunction with a triple quadrupole mass spectrometer (7890B-7000C, 
Agilent, Santa Clara, CA, USA). A DB-5MS capillary column (30 m ×
0.25 mm × 0.25 μm) was used to separate OPFRs. The oven’s pro
grammed settings were as follows: after being held at 80 ◦C for 1 min, 
the temperature was increased to 300 ◦C at 10 ◦C/min (held for 5 min), 
then increased to 315 ◦C at 20 ◦C/min. Finally, the column temperature 
was maintained at 315 ◦C for 1 min. After adjusting the inlet 
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temperature to 280 ◦C, each injection of 1 μL of extract was analyzed. 
The carrier gas was high purity helium, which flowed continuously with 
an average velocity of 1 mL/min. The multiple reaction monitoring 
setting served as the MS acquisition mode. Table S2 provides a list of the 
monitored ions.

2.4. Quality assurance and quality control

A procedural blank was included in the analysis once every ten 
samples. For target analytes, the mean blank levels were less than 5% of 
the actual sample values. To confirm the detection accuracy, matrix- 
labeled samples combined with established concentrations of OPFRs 
were analyzed for each sample batch to determine the recovery effi
ciency (Zhang et al., 2023). All of the coefficient of determination (R2) 
> 0.99 for the calibration curves indicated good linearity, and the target 
chemical concentrations were recovery- and blank-corrected. The three- 
and ten-fold signal to noise ratios were used to determine the limit of 
detection (LOD) and limit of quantification (LOQ) of each OPFR, 
respectively, because the procedure blanks contained almost no analytes 
(Ge et al., 2022). The LOD and LOQ ranged from 0.06 to 12.7 and 
0.20–42.3 pg/m3, respectively, as shown in Table S2.

2.5. Health risk assessment

In the present study, two toxic endpoints, i.e., noncarcinogenic risk 
(expressed as the hazard quotient (HQ)) and carcinogenic risk (CR), 
were used to assess the human health risks of OPFRs through inhalation 
by comparison with USEPA guidelines. On the basis of the estimated 
daily intake (EDI) of individual OPFR via inhalation, the HQ and CR 
were calculated using the reference dose (RfD) and the oral cancer slope 
factor (SFO), respectively. The calculation of each parameter is given in 
Eqs. (1)–(3): 

HQ=EDI/RfD (1) 

EDI=(C× IR× IF×T)/BW (2) 

where C is the concentration of PM2.5-bound OPFR (pg/m3); IR is the 
inhalation rate; T is the amount of time spent at work, and BW is the 
average body weight. Using the values in the exposure factor handbook 
of the Chinese population (adults) (Zhao and Duan, 2014), IR, T, and BW 
were set to 16.8 m3/day, 1/3, and 67.4 kg, respectively. It was hy
pothesized that in the worst-case scenario, all PM2.5-bound OPFRs were 
absorbed and utilized, i.e., IF was 100%. The RfD data are shown in 
Table S4. When the HQ was >1, there was a high likelihood of 
noncarcinogenic risk (Yue et al., 2022), otherwise the risk could be 
ignored.

The following formula was used to determine the CR of PM2.5-bound 
OPFRs: 

CR=EDI × SFO (3) 

where SFO is the oral cancer slope factor (1/(ng/kgbw/day), and it is 
listed in Table S4). When the CR was >1 × 10− 6 there was a high lifetime 
risk of cancer development.

2.6. Statistical analysis

The SPSS 13 software (IBM, Armonk, NY, USA) was used for the 
statistical analysis. The Kruskal-Wallis test was applied to assess the 
substantial variations in target concentrations among the sample sites. 
Furthermore, the relationships between the concentrations were deter
mined by a Spearman’s correlation analysis. The outcomes were 
expressed as statistically significant correlations (p < 0.05) or strongly 
significant correlations (p < 0.01). The average value of parallel samples 
taken annually was used to calculate the OPFRs and PM2.5 concentra
tions. According to Lu et al. (2018), C < LOD was classified as not 

detected, while LOD < C < LOQ was considered to be 1/4 LOQ 
(detection frequency <50%) or 1/2 LOQ (detection frequency ≥50%). A 
principal component analysis (PCA) with multiple linear regression 
(MLR) was conducted to determine the source of OPFRs.

3. Results and discussion

3.1. Seasonal variations of PM2.5 concentrations

The PM2.5 concentrations in the two parks and the control site are 
shown in Fig. 1. The PM2.5 concentrations in the AP, MP, and BH were 
47.2–175 (mean: 95.8 μg/m3), 26.0–154 (mean: 83.6 μg/m3), and 
29.3–203 μg/m3 (mean: 88.6 μg/m3), respectively. There was no sig
nificant difference between the parks and the control site, which was 
attributed to the proactive and effective control measures undertaken by 
the government and the increased use of industrial dust removal 
equipment in recent years, both of which have positively contributed to 
the decrease in PM2.5 pollution (State Council of the People’s Republic of 
China, 2013; 2018). The measured values exceeded the secondary 
standard set by the China national standard GB3095-2012 (75 μg/m3) 
by a factor ranging of 1.12–1.28 times, and the concentrations were 
16.7–19.1 times the PM2.5 limit value in the latest revised “”Global Air 
Quality Guidelines (2021) released by the World Health Organization 
(WHO). This demonstrates that the sampling sites had high concentra
tions of PM2.5 contamination. Compared with previous studies, the 
present study recorded lower PM2.5 concentrations than those recorded 
in Baotou (8.70–457 μg/m3) (Zhou et al., 2016) and Xi’an (11.4–596 
μg/m3) (Yang et al., 2019), China. Although China’s recent efforts to 
combat air pollution have had some success, the concentrations of PM2.5 
remain relatively high, and further strengthening of management mea
sures is required.

Seasonal variations in PM2.5 concentrations were observed, although 
there were no significant differences among the sites. In the AP, during 
winter and spring, the mean PM2.5 concentrations surpassed the con
centrations during summer and autumn. Comparable seasonal patterns 
were noted in the MP and BH. Similar seasonal trends on PM2.5 were also 
observed in Xi’an, a city in northwest China (Ma et al., 2020; Yang et al., 
2019). The fluctuations of PM2.5 concentrations throughout the seasons 
could be attributed to both meteorological variables and human activ
ities. For example, domestic heating in winter and spring promotes the 
generation of PM2.5, especially in northern China. In Baotou, the rainy 
season extends from June to September, and is characterized by the 
heaviest precipitation of the year. This period of wet deposition through 

Fig. 1. The PM2.5 concentration during the four seasons (the dashed line rep
resents the 2nd grade of PM2.5 concentration as defined by Chinese ambient air 
quality control criteria GB3095-2012).
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rainfall effectively clears airborne particles. However, our study 
revealed a peak PM2.5 concentration during spring, which contrasted 
with earlier findings (Ma et al., 2020; Yang et al., 2019). This may be due 
to frequent sandstorms during spring in Baotou (Zhou et al., 2016). 
Additionally, while the particle concentrations in summer and autumn 
did not significantly differ in the AP and MP, the concentrations were 
consistently higher than in the BH, suggesting that industrial derived 
PM2.5 significantly contributed to the high concentrations. Furthermore, 
particle concentrations could also be influenced by other pollution 
sources, such as mobile sources (e.g., vehicle exhaust emissions).

3.2. The occurrence of OPFRs in PM2.5 and seasonal variations

The OPFR concentrations in PM2.5 from three locations were depic
ted in Fig. 2 and Table 1. Fifteen OPFRs were detected in PM2.5 collected 
in Baotou throughout all four seasons, and the detection frequencies 
ranged from 42.9% to 100%, with the majority exceeding 80%. The 
results indicated that OPFRs are widely present in the atmospheric 
environment.

The OPFRs concentrations varied among the sampling areas 
(Table 1). The OPFRs concentrations ranged from 823 to 6.38 × 104 pg/ 
m3 (mean: 1.17 × 104 pg/m3) in AP, from 12.4 to 6.67 × 103 pg/m3 

(mean: 852 pg/m3) in MP, and from 167 to 8.98 × 103 pg/m3 (mean: 
1.51 × 103 pg/m3) in the BH. The OPFRs concentrations in AP surpassed 
those in MP and BH, and the differences were statistically significant. In 
the AP, a recycling system for renewable resources was established, and 
scrap metal, electronic waste, rubber (plastic), and scrapped automo
biles were reused or recycled. The higher OPFRs concentrations in the 
AP may be derived from the recycling of OPFRs-containing materials 
during industrial thermal processes. The OPFRs concentrations in the AP 
were comparable with those in Guangzhou (1.59 × 104 pg/m3 and 1.35 
× 104 pg/m3) and Taiyuan (1.95 × 104 pg/m3), in China (Chen et al., 
2020), while they were higher than those in Beijing (1.84 × 103 pg/m3) 
(Wang et al., 2018b), Dalian (1.20 × 103 pg/m3) (Wang et al., 2020), 
Xinxiang (2.78 × 103 pg/m3) (Yang et al., 2019), and Hong Kong (4.96 
× 103 pg/m3) (Wang et al., 2023) in China, and Cleveland (2.10 × 103 

pg/m3) and Chicago (1.50 × 103 pg/m3) (Salamova et al., 2014) in the 
United States. The OPFRs concentrations in the MP were lower than 
those in the studies referred to above, primarily due to their singular 
usage in lubricating oils, which would leak or volatilize into atmosphere 
during metal deep processing activities (Kung et al., 2022; Liang et al., 
2018). Meanwhile, OPFR levels are higher at BH than at MP because of 
the busy traffic and household activities in BH. The OPFRs 

concentrations in the BH were similar to those reported in previous 
studies conducted in cities (Wang et al., 2020; Wang et al., 2023). These 
results suggested that metal waste dismantling processes in the AP 
released relatively high concentrations of OPFRs, while there was only 
slight OPFRs pollution in the MP.

Based on their chemical structures, OPFRs can be classified into 
chloro-, aryl-, and alkyl-substituted OPFRs, i.e., Cl-OPFRs, aryl-OPFRs, 
and alkyl-OPFRs, respectively. The mean Cl-OPFRs concentrations, 
including T (2-C)PP, TCPP, TDCPP, TCEP, and TCIPP, were 8.11 × 103 

pg/m3 in the AP, 438 pg/m3 in the MP, and 1.14 × 103 pg/m3 in the BH. 
The Cl-OPFRs concentrations in the AP were notably elevated compared 
to those in the MP (p < 0.01), which was potentially indicative of direct 
emissions from metal waste sources in the AP. Moreover, the Cl-OPFRs 
concentrations in the AP were comparable in magnitude to those pre
viously documented in an e-cycling site in Islamabad, Pakistan (Faiz 
et al., 2018). The mean concentrations of aryl-OPFRs (EHDPP, o-TCP, 
p-TCP, m-TCP, and TPhP) were 216, 162, and 71.5 pg/m3 in the AP, MP, 
and BH, respectively. The predominant aryl-OPFRs was EHDPP in AP 
because of its widespread use in paints and rubber, but the concentra
tions were lower than those observed in e-waste recycling areas in 
Pakistan (Iqbal et al., 2017) and Sweden (Wong et al., 2018), but higher 
than those observed in Hong Kong (Wang et al., 2023). The alkyl-OPFRs 
(TBOEP, TEHP, TEP, TBP, and TPrP) were detected with mean con
centrations of 3.37 × 103 pg/m3 in the AP, 252 pg/m3 in the MP, and 
298 pg/m3 in the BH. There were statistically significant differences 
between the AP and MP/BH (p < 0.01), which suggested that the process 
of dismantling metal waste may be a significant source of alkyl-OPFRs.

There were different trends in the seasonal variations among the 
three sampling sites (Fig. 2). In the AP, the highest OPFRs concentration 
was recorded in summer (2.21 × 104 ± 2.23 × 104 pg/m3), followed by 
spring (1.33 × 104 ± 7.76 × 103 pg/m3), winter (8.29 × 103 ± 2.99 ×
103 pg/m3), and autumn (1.30 × 103 ± 411 pg/m3). In the MP, the mean 
concentration of PM2.5-bound OPFRs was higher in winter (1.38 × 103 

± 2.37 × 103 pg/m3) and spring (1.02 × 103 ± 295 pg/m3) than in 
autumn (357 ± 527 pg/m3) and summer (722 ± 584 pg/m3). In the BH, 
the mean concentration followed the descending order of autumn >
spring > winter > summer, with values of 3.62 × 103, 1.21 × 103, 573, 
and 277 pg/m3, respectively. The seasonal fluctuations observed in the 
MP could potentially be attributed to variations in meteorological con
ditions. Previous studies have suggested that the higher temperatures 
during warmer seasons may lead to the evaporation of semi-volatile 
compounds, subsequently enhancing the OPFRs concentrations in the 
gaseous phase and correspondingly reducing their concentrations in the 
particulate phase (Wang et al., 2006). Also, PM2.5-bound OPFRs can be 
transported to the sampling site over long distances and the elevated 
PM2.5 concentrations may increase the OPFRs concentrations. In addi
tion to meteorological conditions and PM2.5 concentrations, the OPFRs 
sources from various local production processes can also influence the 
concentrations. For example, the OPFRs concentrations in the AP were 
higher than those in the MP for each season, with a statistically signif
icant increase in summer (p < 0.05). Moreover, in the AP and MP, the 
differences in OPFRs concentrations across seasons could be partly 
attributed to various industrial scenarios, such as adjustments in pro
duction schedules and temporary maintenance activities. For example, 
on March 9, 2021, the Development and Reform Commission of the 
Inner Mongolia Autonomous Region issued “Several Guarantee Mea
sures for Ensuring the Completion of Energy Consumption Dual Control 
Target Tasks During the 14th Five-Year Plan Period”, and implemented 
measures such as restricting energy consumption and imposing power 
cuts on key energy-consuming enterprises. Seasonal fluctuations in the 
OPFRs concentrations in the AP may correlate with the amount of metal 
recycling activities. In the BH, the OPFRs emissions arising from coal 
burning for heating purposes and from vehicle exhausts displayed sea
sonal variations. Overall, seasonal patterns of particle-bound OPFRs 
among three sampling sites were all affected by above factors, but the 
various intensity of each impact resulted in different trends in the 

Fig. 2. Seasonal OPFRs concentrations in the three sites. *: The results were 
considered to be statistically significant at p < 0.05; **: The results were 
considered to be very statistically significant at p < 0.01.
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seasonal variations.

3.3. Composition profiles and sources of PM2.5-bound OPFRs

To explore the sources of PM2.5-bound OPFRs, compositional char
acteristics of detected OPFRs were studied. As show in Fig. 3, the pre
dominant homologues of OPFRs varied at the different sampling sites. 
The Cl-OPFRs accounted for a relatively high proportion of total OPFRs 

in all locations; i.e., 69.3%, 51.4%, and 75.5% of the total OPFRs in the 
AP, MP, and BH, respectively. The alkyl-OPFRs were the second most 
prevalent group of contaminants, accounting for 28.8%, 29.6%, and 
19.8% of all OPFRs in the three sampling sites, respectively. It is com
mon for Cl-OPFRs to be used as additives for flame retardancy and 
plasticizing in electronic components, car accessories, automotive in
teriors, and rubber products (Song et al., 2024). These chemicals are the 
most widely used type of OPFRs at the global scale, constituting a 

Table 1 
Seasonal OPFRs concentrations (mean ± SD, pg/m3) in the three sites.

Classification Chemicals Spring Summer Autumn Winter

AP (n = 6) MP (n 
= 7)

BH (n =
6)

AP (n = 7) MP (n 
= 7)

BH (n 
= 6)

AP (n =
6)

MP (n 
= 7)

BH (n =
7)

AP (n = 6) MP (n =
6)

BH (n 
= 6)

Cl-OPFRs T (2-C)PP 508 ±
204

21.1 ±
0

37.3 ±
36.1

6.15 ×
103 ±

6.64 ×
103

11.8 
± 8.86

17.6 
± 7.88

188 ±
136

21.9 
± 45.5

976 ±
707

1.97 ×
103 ±

1.02 ×
103

36.0 ±
54.5

27.6 
± 25.1

TCPP 402 ±
142

48.7 ±
16.7

33.4 ±
19.2

6.13 ×
103 ±

7.04 ×
103

24.7 
± 16.7

22.8 
± 12.8

113 ±
54.8

15.1 
± 24.4

1.16 ×
103 ± 984

1.60 ×
103 ±

1.00 ×
103

87.4 ±
42.5

114 ±
168

TDCPP 74.8 ±
111

20.7 ±
7.28

12.2 ±
8.42

75.8 ±
69.3

0 1.57 
± 3.52

42.3 ±
28.9

6.05 
± 10.1

22.3 ±
10.4

39.1 ±
10.7

120 ±
269

0

TCEP 487 ±
181

193 ±
77.2

102 ±
31.9

2.97 ×
103 ±

2.13 ×
103

625 ±
535

123 ±
65.7

239 ±
116

81.9 
± 140

143 ±
66.3

587 ±
75.7

94.9 ±
43.0

111 ±
53.2

TCIPP 569 ±
162

108 ±
21.9

112 ±
38.2

6.10 ×
103 ±

6.77 ×
103

24.8 
± 15.8

22.7 
± 10.1

182 ±
82.1

30.6 
± 50.1

1.03 ×
103 ± 796

1.79 ×
103 ± 965

194 ±
310

114 ±
154

∑
Cl-OPFRs 2.04 ×

103 ± 630
391 ±
103

297 ±
109

2.14 ×
104 ±

2.20 ×
104

687 ±
566

188 ±
79.4

764 ±
366

155 ±
264

3.33 ×
103 ±

2.49 ×
103

5.98 ×
103 ±

2.97 ×
103

533 ±
682

367 ±
391

Aryl-OPFRs EHDPP 102 ±
54.7

64.8 ±
52.5

16.0 ±
13.0

77.4 ±
60.1

3.47 
± 1.47

4.22 
± 4.88

94.8 ±
84.9

5.09 
± 6.25

46.5 ±
72.3

245 ±
233

116 ±
241

6.41 
± 2.67

TPhP 52.4 ±
22.9

93.6 ±
90.2

33.0 ±
10.8

106 ±
91.9

5.66 
± 3.87

3.65 
± 1.19

44.8 ±
15.4

16.2 
± 23.6

35.6 ±
12.9

122 ±
43.5

71.0 ±
139

7.46 
± 2.89

o-TCP 0 5.36 ±
4.90

3.41 ±
7.48

0 3.19 
± 5.31

38.5 
± 80.3

0 0 0.07 ±
0.08

0.80 ±
1.79

138 ±
279

13.2 
± 18.0

p-TCP 1.81 ±
2.38

7.45 ±
3.35

6.50 ±
7.89

0.66 ±
0.85

2.89 
± 3.83

17.4 
± 31.8

3.59 ±
5.00

1.00 
± 1.09

6.67 ±
8.01

3.50 ±
2.60

86.0 ±
140

10.5 
± 8.37

m-TCP 3.83 ±
2.76

13.3 ±
8.97

8.08 ±
8.27

1.04 ±
1.26

3.30 
± 2.70

9.32 
± 14.2

5.07 ±
4.68

2.36 
± 2.63

7.92 ±
7.52

6.21 ±
1.93

50.9 ±
83.5

7.56 
± 4.19

∑
Aryl-OPFRs 160 ±

74.0
185 ±
137

66.9 ±
41.4

185 ±
144

18.5 
± 15.9

73.0 
± 131

148 ±
80.6

24.6 
± 2.63

96.8 ±
81.4

378 ±
235

462 ±
881

45.2 
± 32.9

Alkyl-OPFRs TBOEP 507 ±
477

17.6 ±
6.19

15.2 ±
6.64

204 ±
210

1.73 
± 2.73

0.23 
± 0.51

71.5 ±
49.9

4.35 
± 3.17

17.0 ±
17.0

345 ±
329

15.2 ±
30.2

2.66 
± 2.40

TEHP 95.2 ±
46.6

61.1 ±
41.8

41.4 ±
18.8

58.4 ±
24.8

1.88 
± 1.11

3.25 
± 1.73

82.9 ±
29.3

11.4 
± 15.6

43.6 ±
39.3

134 ±
67.2

38.0 ±
80.4

4.46 
± 1.64

TEP 1.05 ×
104 ±

7.76 ×
103

268 ±
205

625 ±
606

153 ±
160

11.8 
± 18.7

11.1 
± 13.6

81.6 ±
183

74.0 
± 118

56.9 ±
78.8

1.39 ×
103 ±

1.04 ×
103

173 ±
352

150 ±
192

TBP 29.2 ±
20.0

97.8 ±
109

157 ±
235

87.9 ±
76.8

0.89 
± 0.75

0.98 
± 1.10

154 ±
65.6

85.8 
± 124

67.3 ±
17.6

53.1 ±
32.2

16.9 ±
35.6

0.59 
± 0.20

TPrP 2.33 ±
1.88

2.52 ±
1.72

8.49 ±
10.3

0.49 ±
0.61

0.32 
± 0.64

0.84 
± 1.40

0.63 ±
0.60

1.86 
± 0.88

1.75 ±
0.88

2.58 ±
1.42

143 ±
309

2.68 
± 1.88

∑
Alkyl-OPFRs 1.11 ×

104 ±

7.80 ×
103

447 ±
219

847 ±
667

504 ±
381

16.6 
± 21.0

16.4 
± 13.1

391 ±
181

177 ±
251

186 ±
120

1.92 ×
103 ± 953

386 ±
807

160 ±
193

∑
OPFRs 1.33 ×

104 ±

7.76 ×
103

1.02 ×
103 ±

295

1.21 ×
103 ±

732

2.21 ×
104 ±

2.23 ×
104

722 ±
584

277 ±
118

1.30 ×
103 ±

411

357 ±
527

3.62 ×
103 ±

2.65 ×
103

8.29 ×
103 ±

2.99 ×
103

1.38 ×
103 ±

2.37 ×
103

573 ±
384

AP: an aluminum-processing industrial park; MP: a metal-fabrication industrial park; BH: a control site; T(2-C)PP: tris(2-chloropropyl) phosphate; TCPP: tris(chlor
opropyl) phosphate; TDCPP: tris(1,3-dichloro-2-propyl) phosphate; TCEP: tris(2-chloroethyl) phosphate; TCIPP: tris(2-chloroisopropyl) phosphate; EHDPP: 2-ethyl
hexyl diphenyl phosphate; TPhP: triphenyl phosphate; o-TCP: tri-o-cresyl phosphate; p-TCP: tri-p-cresyl phosphate; m-TCP:tri-m-cresyl phosphate; TBOEP: tris(2- 
butoxyethyl) phosphate; TEHP: tris(2-ethylhexyl) phosphate; TEP: tetraethyl diphosphate; TBP: tributyl phosphate; TPrP: tripropyl phosphate.
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significant 24.0% share of all OPFRs manufactured in 2020 (Kung et al., 
2022). In addition to their high usage, Cl-OPFRs exhibit resistance to 
atmospheric transformation (for example, via alkaline hydrolysis or 
photodegradation) due to their chloro-substituted structure, contrib
uting to their relatively persistent nature (Na et al., 2020; Zeng et al., 
2021). Correspondingly, some non-Cl-OPFRs containing ester bonds 
may undergo hydrolysis reactions in a humid atmospheric environment, 
generating corresponding acids and alcohols. Therefore, Cl-OPFRs was 
the predominant homologue, although the individual Cl-OPFR com
pounds differed among the sites. For example, T (2-C)PP (20.2%), and 
TCPP (19.0%) were predominant in the AP, while TCEP (29.9%), and 
TCIPP (10.0%) were predominant in the MP, and TCPP (24.3%), and T 
(2-C)PP (19.4%) were predominant in the BH (Fig. S1). The dominant 
status of Cl-OPFRs was also apparent in a study conducted in the Bei
jing− Tianjin− Hebei region of China because of their extensive usage 
(Zhang et al., 2020). Therefore, the composition profiles of PM2.5-bound 
OPFRs at different sites might be affected by the type of OPFR usage and 
the behaviors of the chemicals in the environment.

Although Cl-OPFRs were the predominant homologue at all three 
sites, there were seasonal variations in the sites as shown in Fig. 3. In the 
AP, alkyl-OPFRs (83.5%) accounted for the highest proportion in spring, 
while Cl-OPFRs were predominant in summer, autumn, and winter 
(96.9%, 58.7%, and 72.2%, respectively). Similar results were found in 
the BH, where the dominant OPFR compounds were alkyl-OPFRs during 
spring (70.0%), while Cl-OPFRs were dominant in summer (67.8%), 
autumn (92.2%), and winter (64.1%). In the MP, alkyl-OPFRs were the 
prevalent homologue in both spring (43.7%) and autumn (49.6%), while 
Cl-OPFRs were the most abundant in summer (95.1%) and winter 
(38.6%). The composition profiles of OPFRs in PM2.5 were influenced by 
a range of factors, including their physicochemical attributes, emission 
sources, and prevailing meteorological conditions. For example, in 
spring, alkyl-OPFRs were the prevalent homologue among three sam
pling sites. In agricultural production surrounding Baotou, the widely 
used pesticides and acaricides contains alkyl-OPFRs, such as TEP. The 
alkyl-OPFRs in soils are transported to the urban area of Baotou along 
with the airflow of sandstorms. Except for their slightly lower abun
dance compared to alkyl-OPFRs in autumn in the MP, Cl-OPFRs were 
predominant in the three sampling sites in summer, autumn, and winter 
because of their high rate of production and extensive usage, e.g., 
electronics, furniture foams, and plasticizers in rubber products (Li et al., 
2019). In addition, the highly polar Cl-OPFRs are more likely to have 
strong electrostatic interactions or polar interactions with the polar 

parts on the surface of particulate matter, thus being more easily 
adsorbed on particulate matter.

To identify the sources of OPFRs, the correlations among individual 
compounds were analyzed (Fig. 4). In the AP, significant correlations (p 
< 0.05) were observed among the dominant Cl-OPFRs. There was a 
positive correlation between TCPP and each of T (2-C)PP, TCEP, and 
TCIPP. The strong correlations between TCEP and TCPP could be largely 
explained by their similar applications (e.g., paint and coating, ther
moplastics) and physicochemical properties (e.g., vapor pressure or log 
KOW). The same results were also reported in the U.S.A. and southern 
Chinese cities (Clark et al., 2017; Zeng et al., 2021). In the MP, except for 
TCEP and TBP, there were statistically significant positive relationships 
among the OPFRs (p < 0.05). The correlations among the OPFRs in the 
MP were attributed to there being similar sources. The strong correla
tions between individual OPFRs were comparable to those reported in 
atmospheric particulate matter from Silesia, Poland (Fabianska et al., 
2019). In the BH, significant positive correlations were found among 
some OPFRs (p < 0.05). However, for most substances, there were no 
discernible associations (p > 0.05), suggesting complex pollution sour
ces or other contributing factors that might impact OPFRs production.

To further explore the potential OPFRs emission sources and quantify 
their proportional contributions, a PCA with MLR was conducted among 
the industrial parks (Table S3). It was found that PC1, PC2, PC3, and PC4 
explained 36.3%, 26.5%, 11.9%, and 11.6% of the total variance, and 
contributed 2.85%, 68.0%, 3.82%, and 25.3% of the total OPFRs, 
respectively. PC1 was dominated by TPrP, o-TCP, p-TCP, and m-TCP. 
These substances are frequently used in industrial machinery as engine 
oils, hydraulic fluids, and cutting fluids for a variety of electrical devices 
(Hu et al., 2021). For example, leaked hydraulic oil will quickly vola
tilize by high temperatures into the atmosphere. PC2 was mainly loaded 
with T (2-C)PP, TCIPP, TCPP, and TCEP. Waste recycling processes are 
the primary sources of these Cl-OPFRs. For example, the prevalence of 
baking or burning of plastics and printed wiring boards resulted in 
widespread Cl-OPFRs contamination. A trend observed in metal waste 
recycling regions in both China and Pakistan (Faiz et al., 2018; Wang 
et al., 2018a). PC3 consisted primarily of TBP, which is typically used for 
its adhesive and flame-resistant properties in construction-related sub
stances (Zeng et al., 2021). TBP can slowly migrate into the atmosphere 
from the building materials over time, and the migration and evapora
tion of flame retardants may be enhanced in areas with high humidity or 
temperature fluctuations. PC4 was mainly associated with TBOEP and 
TEP. As reported in the literature, TBOEP is an essential component of 
coverings, lubricants, and hydraulic liquids, and it may also be abrasive 
and emit off-gas from devices and machines (Luo et al., 2020). Addi
tionally, TEP is also used as a monitor of engine exhausts powered by 
gasoline (Chen et al., 2020; Hu et al., 2021). These four main compo
nents explained 86.3% of the total variance in OPFR concentrations in 
AP and MP. This indicates that in addition to several major sources of 
OPFRs, there are also some minor sources, including long-distance 
transmission, photochemical reaction and oxidation reaction. There
fore, many waste recycling facilities in AP are maximal sources of 
OPFRs.

3.4. Potential human health risk assessment

With the rapid growth in the use of OPFRs, many studies have shown 
that there are concerning human health risks from the chemicals (Li 
et al., 2022; Rosenmai et al., 2021). To estimate the human intake and 
the associated health risks of OPFRs, for each OPFR the EDI and HQ were 
calculated, with the results shown in Table 2. A high exposure was 
represented by the 95th percentile of the EDI. Across sampling locations, 
the mean and 95th percentiles of the EDI were in the range of 1.60 ×
10− 5–0.24 and 2.80 × 10− 4–1.82 ng/kgbw/day, respectively. The OPFRs 
EDIs through inhalation were far lower than their RfDs. As a result, the 
risks from OPFRs showed that the HQ values ranged from 6.47 ×
10− 8–2.14 × 10− 4, and the maximum HQ was likewise significantly less 

Fig. 3. Compositional profiles of individual OPFRs in the three sites during 
one year.
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than the threshold value of 1 in the worst case. The results indicated that 
the non-carcinogenic risk following exposure to particulate OPFRs in 
Baotou could be disregarded. Comparatively, there was a higher risk in 
industrial areas than in residential areas. The risk followed the sequence 
of AP > MP > BH for the three sampling sites. For the different types of 
OPFRs, Cl-OPFRs accounted for 91.5% of the non-carcinogenic risk for 
workers in the two parks under the worst-case scenario, with 53.3% 
from TCIPP and 32.7% from TCEP. The significantly greater HQs of 
TCIPP and TCEP were ascribed to their higher ambient concentrations 
and lower RfD values. Previous studies have shown that TCIPP and TCEP 
are non-carcinogenic but exposure can lead to liver toxicity, reproduc
tive toxicity, and neurotoxicity (Deepika et al., 2023). Therefore, these 
chemicals are still a cause for concern in the environment.

To further understand the health risk from OPFRs in PM2.5, the 
carcinogenic risk was also considered. The CR results for the various 
OPFRs are shown in Fig. S2. The total CR values ranged from 4.28 ×
10− 12 to 1.25 × 10− 8, which were all beneath the limit value of 1 × 10− 6 

in the current exposure scenarios. Analogous to the non-carcinogenic 
risks, the risk followed the sequence of AP > MP > BH, indicating that 
there was a higher carcinogenic risk in industrial areas. Among the 
target OPFRs, TCEP accounted for 92.5% of the CR index for workers in 
the two parks under the high exposure scenario. There is evidence to 
suggest that TCEP has a potential carcinogenic risk on a basis of physi
ologically based kinetic model in rats (Deepika et al., 2023).

Two toxic endpoints were considered in the human health risk 
assessment in the present study. However, there were several un
certainties. First, the current data on OPFRs remains very limited. The 
RfD used here was an oral reference dose for individual OPFRs. 
Currently, there is a lack of reference doses for the respiratory intake of 
OPFRs. Different exposure pathways, such as inhalation, oral intake, and 
skin contact, have different routes into the bloodstream and encounter 
varying enzymatic actions, leading to diverse impacts on the human 
body. Second, as a semi volatile substance, some OPFRs exist in the 
atmosphere in a gaseous form. Therefore, the risk of OPFRs exposure 
through inhalation was likely underestimated, especially for the more 
volatile OPFRs. Third, a portion of the inhaled atmospheric particulate 
matter can be expelled from the body in the process of gaseous exchange 
during inhalation. Therefore, breathing in airborne OPFRs does not 
completely absorb them, reducing the risk to human health. Fourth, the 
lack of SFO data for the other OPFRs that may be carcinogenic could 
cause the overall CR value of human exposure to particulate OPFRs to be 
underestimated. Therefore, there remains a substantial amount of 
research needed to comprehensively investigate the health risks posed 
by OPFRs.

4. Conclusions

This study has made significant contributions to understanding the 
presence and seasonal characteristics of PM2.5-bound OPFRs in indus
trial parks dedicated to aluminum products and metal deep processing. 
The findings revealed that Seasonal variations of PM2.5 and OPFRs were 
within specific ranges, with the aluminum-processing industrial park 
having higher OPFR concentrations than the metal-fabrication indus
trial park. The Cl-OPFRs (e.g., TCEP and TCPP) were the dominant ho
mologue among the three sampling sites because of their extensive usage 
and chemical stability. The primary source of OPFRs was the disposal of 
metal wastes, especially for Cl-OPFRs. The health risk assessment 
showed that the PM2.5-bound OPFRs did not lead to an obvious risk 
when considering both non-carcinogenic and carcinogenic endpoints, 
although Cl-OPFRs presented a relatively higher risk than the other 
OPFRs. In conclusion, this research has provided valuable insights into 
the environmental pollution caused by OPFRs in metal-related industrial 
parks. Future studies could expand the scope of research to include more 
industrial parks and explore more effective measures to reduce OPFR 
emissions and mitigate potential health risks.

Fig. 4. Spearman correlation heat maps of OPFRs in (A) an aluminum- 
processing industrial park (AP), (B) a metal-fabrication industrial park (MP), 
and (C) a control site (BH).
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Table 2 
The estimated daily intakes of OPFRs (ng/kgbw/day) and the maximum HQ via inhalable PM2.5.

Classification Chemicals EDI HQ ( × 10− 3)

AP (n = 25) MP (n = 27) BH (n = 25) AP (n = 25) MP (n = 27) BH (n = 25)

Mean 95th Mean 95th Mean 95th Maximum Maximum Maximum

Cl-OPFRs T (2-C)PP 0.20 1.44 1.85 × 10− 3 0.01 0.02 0.18 – – –
TCPP 0.18 1.51 3.52 × 10− 3 0.01 0.03 0.22 – – –
TDCPP 4.88 × 10− 3 0.02 2.80 × 10− 3 0.04 7.94 × 10− 4 3.01 × 10− 3 5.37 × 10− 3 0.01 6.59 × 10− 4

TCEP 0.10 0.53 0.02 0.11 0.01 0.02 0.09 0.02 3.18 × 10− 3

TCIPP 0.19 1.47 7.09 × 10− 3 0.08 0.03 0.19 0.16 7.35 × 10− 3 0.02
∑

Cl-OPFRs 0.67 4.84 0.04 0.15 0.09 0.61 0.26 0.04 0.03

Aryl-OPFRs EHDPP 0.01 0.05 3.73 × 10− 3 0.04 1.61 × 10− 3 0.01 4.21 × 10− 3 3.63 × 10− 3 1.23 × 10− 3

TPhP 6.85 × 10− 3 0.02 3.80 × 10− 3 0.03 1.71 × 10− 3 4.50 × 10− 3 3.53 × 10− 4 4.53 × 10− 4 6.45 × 10− 5

o-TCP 1.60 × 10− 5 2.80 × 10− 4 2.72 × 10− 3 0.04 1.10 × 10− 3 0.01 3.08 × 10− 5 4.86 × 10− 3 1.39 × 10− 3

p-TCP 1.93 × 10− 4 1.00 × 10− 3 1.83 × 10− 3 0.02 8.41 × 10− 4 5.78 × 10− 3 8.92 × 10− 5 2.52 × 10− 3 5.64 × 10− 4

m-TCP 3.26 × 10− 4 1.05 × 10− 3 1.35 × 10− 3 0.01 6.82 × 10− 4 3.02 × 10− 3 9.22 × 10− 5 1.51 × 10− 3 2.60 × 10− 4

∑
Aryl-OPFRs 0.02 0.06 0.01 0.14 5.94 × 10− 3 0.03 4.78 × 10− 3 0.01 3.52 × 10− 3

Alkyl-OPFRs TBOEP 0.02 0.10 7.89 × 10− 4 4.94 × 10− 3 7.56 × 10− 4 3.94 × 10− 3 7.65 × 10− 3 4.57 × 10− 4 3.16 × 10− 4

TEHP 7.58 × 10− 3 0.02 2.30 × 10− 3 0.02 1.99 × 10− 3 9.58 × 10− 3 2.21 × 10− 4 1.81 × 10− 4 1.13 × 10− 4

TEP 0.24 1.82 0.01 0.07 0.02 0.13 – – –
TBP 6.75 × 10− 3 0.02 4.29 × 10− 3 0.03 4.72 × 10− 3 0.04 2.21 × 10− 3 3.01 × 10− 3 5.64 × 10− 3

TPrP 1.22 × 10− 4 4.42 × 10− 4 2.74 × 10− 3 0.04 2.80 × 10− 4 1.95 × 10− 3 – – –
∑

Alkyl-OPFRs 0.28 1.88 0.02 0.13 0.02 0.15 0.01 3.65 × 10− 3 6.07 × 10− 3

∑
OPFRs 0.97 4.92 0.07 0.39 0.13 0.65 0.27 0.05 0.03

AP: an aluminum-processing industrial park; MP: a metal-fabrication industrial park; BH: a control site; T(2-C)PP: tris(2-chloropropyl) phosphate; TCPP: tris(chlor
opropyl) phosphate; TDCPP: tris(1,3-dichloro-2-propyl) phosphate; TCEP: tris(2-chloroethyl) phosphate; TCIPP: tris(2-chloroisopropyl) phosphate; EHDPP: 2-ethyl
hexyl diphenyl phosphate; TPhP: triphenyl phosphate; o-TCP: tri-o-cresyl phosphate; p-TCP: tri-p-cresyl phosphate; m-TCP:tri-m-cresyl phosphate; TBOEP: tris(2- 
butoxyethyl) phosphate; TEHP: tris(2-ethylhexyl) phosphate; TEP: tetraethyl diphosphate; TBP: tributyl phosphate; TPrP: tripropyl phosphate.
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