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A B S T R A C T

Organophosphate esters (OPEs) are novel ubiquitous contaminants that are attracting growing concern, but their
emissions into the environment are still poorly understood. In this study, 12 OPEs were measured in fine par-
ticulate matter (PM2.5) at 20 industrial sites in an urban region and four e-waste recycling facilities in a rural
region in southern China. There was no significant difference in the concentrations of ∑OPEs between the urban
region (519–62,747 pg/m3, median = 2854 pg/m3) and the rural e-waste region (775–13,823 pg/m3, 3321 pg/
m3). High OPE concentrations in urban PM2.5 were generally associated with the electrical, electronic, plastic,
and chemical industries. There were no significant correlations between most OPEs in these two regions, sug-
gesting different emission mechanisms. The average emissions of ∑OPEs estimated using a simplified dispersion
model were 73.0 kg/yr from the urban industrial point sources and 33.2 kg/yr from the e-waste recycling fa-
cilities. The estimated emission inventory from industrial activities in the whole city (3228–4452 kg/yr) was
approximately 30-fold higher than that from the e-waste recycling (133 kg/yr) facilities because urban region
has a much larger industrial scale. To the best of our knowledge, this is the first effort to model the emissions of
OPEs from industrial and e-waste recycling activities to the atmosphere.

1. Introduction

Organophosphate esters (OPEs) are a group of chemicals that are
used as flame retardants and plasticizers in various consumer and in-
dustrial products such as electronic equipment, plastics, textiles, fur-
niture, and building materials (Ma et al., 2017; Van der Veen and De
Boer, 2012). Some OPEs are also used in hydraulic fluids, floor polish,
extractants for metal complexes, and glues (Van der Veen and De Boer,
2012). OPEs are considered suitable alternatives for brominated flame
retardants (BFRs) and have exhibited increasing demand and produc-
tion especially after some BFRs have been restricted under the Stock-
holm Convention (Su et al., 2016). In 2008, the US, Europe, and Asia
(excluding Japan) consumed 72,000, 83,000, and 22,000 metric tons of
OPEs, respectively (Ou and Lang, 2010). However, some of these che-
micals are suspected to be carcinogenic, mutagenic, or neurotoxic as
suggested in numerous studies (Van der Veen and De Boer, 2012; Wei
et al., 2015). Tris(1,3-dichloro-2-propyl) phosphate (TDCIPP) can easily
enter the bloodstream and is listed as a known carcinogen by the state
of California (ATSDR, 2009; Butt et al., 2014). Tris(1-chloro-2-propyl)
phosphate (TCIPP) accumulates in the liver and kidneys of animals and

is potentially carcinogenic (Leisewitz et al., 2000). Meeker and
Stapleton (2010) found that house dust concentrations of OPEs were
correlated with hormone levels and semen quality parameters for men.

Most OPEs are additives and not chemically bonded to polymer
products and are easily released to the environment during the pro-
cesses of production, application, and disposal of related products (Ma
et al., 2017). Consequently, there has been an increasing number of
reports of OPEs occurrence in various environmental compartments and
humans (Cao et al., 2017; Ding et al., 2016; Guo et al., 2017; Khan
et al., 2016a, 2016b; Kim et al., 2014; Z. Lu et al., 2017; Ren et al.,
2016; Vojta et al., 2017; Yadav et al., 2018, 2017; Zhao et al., 2016).
OPEs were also detected in both urban and remote atmospheres (He
et al., 2018; Lai et al., 2015; Okeme et al., 2018; Vykoukalova et al.,
2017). The results indicate a primary emission source of these chemi-
cals from urban regions and long-range atmospheric transport to re-
mote regions (Castro-Jimenez et al., 2014). Air emission of toxic or-
ganic pollutants from urban regions has attracted considerable research
interest in recent years. The emissions of polybrominated diphenyl
ethers (PBDEs) and polychlorinated biphenyls (PCBs) from Toronto
were 18 and 17 kg/yr, respectively (Csiszar et al., 2014), which were
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comparable to that for PCBs in Zurich, Switzerland (13 kg/yr)
(Diefenbacher et al., 2016). An annual PCB emission rate of 203 kg/yr
from the legacy stocks in Chicago has been estimated (Shanahan et al.,
2015). These studies also revealed important emissions from legacy
sources (e.g., transformers, buildings, and soils) for these chemicals in
these cities. However, little is known about the emissions of currently
used chemicals from industrial activities.

In this study, atmospheric concentrations of 12 OPEs were in-
vestigated in fine particulate matter with aerodynamic diameters less
than 2.5 µm (PM2.5) around industrial parks from an industrial mega-
city (Guangzhou City) and around electronic waste (e-waste) recycling
facilities from a rural area in southern China. These organic pollutants
tend to closely bind to particles with small size (Okonski et al., 2014),
and these particles are able to remain in ambient air for a long time and
to be transported over long distances (Kurokawa et al., 1998). We aim
to i) determinate the importance of these potential emission sources of
OPEs to the ambient air, ii) examine the industry sector-specific com-
positions of OPEs associated with the industrial activities in this region,
and iii) estimate, for the first time, emissions of these chemicals to the
air from industrial and e-waste activities. In addition, polycyclic aro-
matic hydrocarbons (PAHs), an indicator of combustion or thermal
treatment sources, were also analyzed around these point sources. We
aimed to explore potential associations between OPEs and PAHs, which
may help elucidate their sources.

2. Materials and methods

2.1. Sampling

Sampling was conducted in an urban area and a rural e-waste re-
cycling area. The urban area, Guangzhou, is a megacity and an im-
portant industrial base in southern China. It has a population of ap-
proximately 15 million and an area of 2083 km2 (the main six districts)
(GMSB, 2017). There are more than 100 industrial parks within this
city, which involve various industries including electrical/electronic
products, furniture, chemicals, automobiles, clothing, leather, plastics,
metals, and machinery. The e-waste area is one of the largest e-waste
sites in China, which is located in the rural area of Qingyuan and is
approximately 70 km north of the Guangzhou center (Fig. 1). PM2.5 was
sampled in the vicinity of 20 potential point sources (18 industrial
parks, one electronics shopping center, and one furnishings shopping
center) and one downtown site, located in different districts in
Guangzhou from January 2015 to April 2016. In the e-waste area, PM2.5

was collected in the vicinity of the four e-waste recycling parks. The
samples were collected on Whatman quartz fiber filters for 24 h using
active large-volume air samplers (TE-6001, Tisch Environment Inc., US)
at a flow rate of 1.13m3/min. At each site, the sampler was deployed
for two and five days in the urban and e-waste areas, respectively, on
the rooftop of a building near and downwind the parks. The loaded
filter was wrapped in aluminum foil, sealed in a small polyethylene zip
bag and stored at −20 °C until extraction.

2.2. Chemicals

Target compounds of 12 OPEs, including tris(ethyl) phosphate
(TEP), tris(butyl) phosphate (TNBP), tris(2-butoxyethyl) phosphate
(TBOEP), tris(2-ethylhexyl) phosphate (TEHP), tris(chloroethyl) phos-
phate (TCEP), tris[(2 R)-1-chloro-2-propyl] phosphate (TCIPP), tris(1,3-
dichloroisopropyl) phosphate (TDCIPP), 2-ethylhexyl diphenyl phos-
phate (EHDPP), triphenyl phosphate (TPHP), tris(propyl) phosphate
(TPP), tris(4-isopropylphenyl) phosphate (TIPPP), and tricresyl phos-
phate (TMPP), were purchased from Wellington Laboratories (Ontario).
Recovery standards (TPP-d21, TNBP-d27, and TCIPP-d18) and internal
standards (TCEP-d12 and TDCIPP-d15) were purchased from Cambridge
Isotope Laboratories, Inc.

2.3. Sample preparation and analysis

The detailed analytical method used in this study is provided in the
Supplementary Material (SM). Briefly, PM2.5 samples were Soxhlet ex-
tracted with a mixture of hexane and acetone (1:1) for 48 h. Prior to the
extraction, recovery standards (TPP-d21, TNBP-d27, and TCIPP-d18 for
OPEs) were added to monitor the recoveries during the procedure. The
extracts were concentrated to 1mL and then purified with a solid-phase
extraction cartridge (Supelclean ENVI-Florisil, 3 mL, 500mg). The
column was eluted with 5mL of hexane and 5mL of 1:1 hexane: di-
chloromethane (v/v), and this mixed fraction was analyzed for PAHs.
The second fraction containing OPEs was obtained by elution with 8mL
of ethyl acetate. This fraction was concentrated to near dryness under a
gentle nitrogen stream then dissolved in 300 μL of isooctane. Internal
standards (TCEP-d12 and TDCIPP-d15, 60 ng respectively) were added
into the extracts before instrumental analysis. OPEs were analyzed by
an Agilent 7890 gas chromatograph coupled with an Agilent 5975 mass
spectrometer with electron impact ionization (GC-EI-MS). The analytes
were separated using a DB-5MS capillary column (30m×0.25mm i.d.,
0.25 µm film thickness) (J&W Scientific). The analytical procedures for
PAHs and organic and elemental carbons (OC and EC) are given in the
SM.

2.4. Quality control and quality assurance

Several OPEs and PAHs were found in the field samples and pro-
cedural blanks, but their amounts contributed< 5% of those in the
field sample extracts. The concentrations in the sample extracts were
blank-corrected. The recoveries of the recovery standards were
125.4 ± 23.7% for TPP-d21, 80.8 ± 10.4% for TNBP-d27, and
98.0 ± 9.4% for TCIPP-d18, and reported concentrations were not re-
covery corrected. The method detection limits (MDLs) were assigned as
the average method blank mass plus three times the standard deviation,
or as five times the signal to noise ratio for compounds that were not
found in the blanks, which ranged from 0.04 to 1.10 pg/m3.

2.5. Air emission estimation

We employed a simplified Gaussian dispersion model to estimate
the emissions of OPEs from the industrial and e-waste dismantling parks
to the atmosphere, which is expressed by:

=e c u Δy Δz* * * (1)

where e is the emission rate of target compounds (g/day), c is the
concentration of compounds (pg/m3) (mean concentrations were used
here), u is the mean wind speed on the sampling day (m/s), Δy and Δz
are the distance from the source to the sampling place (m) and height of
the sampler above the ground surface (m), respectively. We assume that
the OPEs in the PM2.5 around each site were all from the source, and
emissions attributed to urban diffuse sources were not considered. This
model has been used in several previous studies (Ahrens et al., 2011;
Shoeib et al., 2016).

3. Results and discussion

3.1. Concentrations and compositions

Of the 12 target OPEs, the concentrations of TIPPP and TPP were
below the MDLs and TDCIPP was not quantified because of interference
with an unknown peak in the GC. The total concentrations of OPEs
(∑OPEs) were wide-ranging, from 519 to 62,747 pg/m3, with a median
of 2854 pg/m3 (Table 1) in the urban PM2.5. The concentrations of in-
dividual OPEs are given in Table S1 in the SM.

TEP is mainly used as a flame retardant in building/construction
materials (Table S2), and was found in 90% of the samples with con-
centrations ranging from nondetectable (nd) to 132 pg/m3 (median =
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8.39 pg/m3). The highest TEP concentration was observed at a site that
is close to the largest electronics shopping center in a business zone,
where this chemical could be emitted from the electronic products or
building materials. The second highest concentration (average =
57.4 pg/m3) was found at the wastewater treatment plant (WWTP) site.
TNBP is usually used as an adhesive, sealant, and flame retardant in
building/construction materials. This pollutant showed the highest
average concentration (15,002 pg/m3) in PM2.5 at an industrial zone
(XP) in southwestern Guangzhou, which is known for manufacturing
household products, plastic and rubber products, and electronics. TNBP
concentrations at other sites were reduced substantially (12.3–1602 pg/

m3 and median = 215 pg/m3), and higher levels were found at two
industrial zones (means = 943 and 769 pg/m3) where chemical in-
dustry and electronics manufacturing were dominant, respectively.
These results suggest that the XP industrial zone is a significant emis-
sion source of TNBP in ambient air.

The PM2.5 concentrations of TCEP ranged from 39.0 to 975 pg/m3,
with a median of 174 pg/m3. Somewhat higher concentrations were
observed at several industrial zones related to the automotive, leather,
textile, and electronics industries. The applications of this chemical are
as flame retardants for industry uses and as paints and coatings for
consumer uses. TCIPP has wide applications including adhesives, sea-
lants and flame retardants in building/construction materials, elec-
trical/electronic products, and foam seating and bedding products.
Thus, this pollutant showed generally the highest levels in the urban
region, with a median of 1059 pg/m3 (103–4386 pg/m3). Higher con-
centrations were found in industrial zones associated with the chemical
industry, leather and textile manufacturing, and business. TBOEP is
mainly used in lubricants, greases, paints, coatings, and plastic and
rubber products. This compound was detected only at four sites, with
the highest mean concentration of 90.6 pg/m3 at an industrial zone for
leather processing, followed by a concentration of 50.4 pg/m3 at the
WWTP.

TPHP, used as a flame retardant and plasticizer in electrical and
electronic products, foam seating and bedding products, and furniture
and furnishings, showed the highest concentration (1581 pg/m3) at an
industrial zone related to the metal, electrical and electronic industries.
Higher average concentrations (550–620 pg/m3) were also found in

Fig. 1. Map of sampling sites in southern China.

Table 1
Concentrations of OPEs in PM2.5 (pg/m3) in the urban and e-waste regions.

Urban region E-waste region

Range Mean Median Range Mean Median

TEP nd-132 17.9 8.39 nd-24.0 4.54 3.50
TNBP 12.3–16845 978 237 nd-540 124 72.2
TCEP 39.0–975 206 174 nd-519 98.2 59.5
TCIPP 103–4386 1219 1059 34.7–3727 1008 424
TBOEP nd-98.2 8.19 nd nd
TPHP 39.6–1923 397 298 185–10744 1895 1143
EHDPP 21.5–2176 198 72.8 10.5–438 138 85.9
TEHP 13.3–1902 228 111 6.26–1463 301 84.8
TMPP 22.2–59975 2564 465 37.9–3013 781 322
∑OPEs 519–62747 5815 2854 775–13823 4350 3321
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other industrial zones related to the electrical and electronic industries,
leather and textile processing, and waste recycling industries. The
concentrations of EHDPP were between 21.5 and 2176 pg/m3. Its
median concentration (72.8 pg/m3) was only higher than that of TEP.
EHDPP is mainly used as a flame retardant in indoor products such as
floor coverings, furniture, and plastic and rubber products. The highest
concentrations were found at a waste recycling factory, followed by
concentrations at industrial zones of leather and textile processing.
Higher concentrations (383–412 pg/m3) were also observed at a waste
incineration power plant. TEHP, used as a chemical intermediate, lu-
bricant and lubricant additive, and agricultural product (non-pesti-
cidal), had a median concentration of 111 pg/m3. Higher concentra-
tions were associated with the leather and textile industry (208–1619),
waste recycling (112–1902 pg/m3), and waste incineration
(265–365 pg/m3). TMPP displayed the second highest concentration
between 22.2 and 59975 pg/m3 (median = 465 pg/m3). Its main ap-
plications are in polyvinyl chloride (PVC), cellulosic polymers, ther-
moplastics and synthetic rubber (Van den Eede et al., 2011). The ex-
tremely high concentrations (average = 43,602 pg/m3) were found at
an industrial zone (SB) related to the electrical, electronic, plastic,
foam, and metal industries. This indicated that the industrial activities
in this zone are especially relevant for emission of TMPP. Other po-
tentially significant sources of TMPP included the leather and textile
processing (1117 pg/m3), waste recycling (1088 pg/m3), and auto-
motive (817 pg/m3) industries.

Overall, high concentrations of ∑OPEs were generally associated
with electrical, electronic, and plastic manufacturing industries, the
waste recycling industry, and certain chemical industries (coating and
printing ink). This is not surprising because OPEs are commonly used as
flame retardants and plasticizers in these products. Low concentrations
were associated with the machinery manufacturing, papermaking,
clothing, and furnishing industries. The spatial distribution of the
concentrations ∑OPEs in PM2.5 predicted by ArcGIS mapping software
is shown in Fig. 2. Generally, PM2.5-associated OPE concentrations were
higher outside of the downtown area, consistent with the spatial

distribution of industrial activities in Guangzhou. Nevertheless, dif-
ferent spatial distributions were observed for some individual OPEs as
shown in Fig. S1 suggesting industry type-dependent emissions. Based
on the modeled spatial distribution of atmospheric OPE levels and po-
pulation distribution in the urban area, we estimated that about two
million people in this city have the highest quartile of OPEs exposure
via inhalation. PM2.5 can travel deeply into the respiratory tract and
reach the lungs and is hazardous to respiratory, pulmonary, and car-
diovascular function (Wang et al., 2017). This study has implications
for concerns about the potential adverse effects of PM emitted from the
industrial activities in these areas.

In most samples, TCIPP and TMPP were the primary compounds,
which accounted for 35.7% and 19.6% on average, respectively. The
dominance of TCIPP in air has been reported in worldwide locations
(Castro-Jimenez et al., 2014; R. Liu et al., 2016; Moller et al., 2011;
Salamova et al., 2013), consistent with its widespread applications in a
variety of commercial products. Despite this, however, OPE composi-
tions varied among the sites (Fig. S2). For instance, more TPHP (ac-
counting for 32.3–54.1% of the total OPEs) is likely released from the
machinery and clothing industries, and household product and furni-
ture manufacturing may result in increased emissions of TNBP
(16.7–88.0%). Increased emissions of EHDPP were likely associated
with the waste disposal, resource recovery, and leather industries,
where EHDPP contributions of 11.2–31.8% were observed.

OPE concentrations in the rural e-waste recycling region ranged
from 775 to 13,823 pg/m3, with a median of 3321 pg/m3. There was no
statistically significant difference in the total OPE concentrations be-
tween the e-waste and urban regions. Nevertheless, there were obvious
differences in the concentrations between the four e-waste recycling
facilities, with mean concentrations of 7156, 1150, 2768, and 6325 pg/
m3, respectively. Varying OPE compositions were also observed at the
four e-waste recycling facilities (Fig. S3). The variations in the OPE
concentrations as well as compositions may depend on the quantities
and types of e-waste being recycled. However, TPHP, TCIPP, and TMPP
were the dominant compounds in this region; these three pollutants

Fig. 2. Spatial distributions of PM2.5 and PM2.5-bound OPEs in the urban region constructed by the Kriging interpolation method.
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constituted on average 83.7% of the total OPEs (41.4%, 25.9%, and
16.5%, respectively). The compositions in the e-waste region were
different from those in the urban region, in which they together ac-
counted for 68.9% (13.6%, 35.7%, and 19.6%, respectively). The
dominance of TPHP was in line with its widespread application in
electrical and electronic products and with previous observations on
atmospheric particles and indoor dust from e-waste sites in China (Bi
et al., 2010; He et al., 2015). It was reported that TPHP is used as one of
important alternatives for technical decabrominated diphenyl ether
(deca-BDE) product (S.Y. Lu et al., 2017), which is typically used as a
flame retardant in electrical and electronic products. The lower con-
centrations and contributions of TPHP in the urban region may be be-
cause technical deca-BDE has not yet been replaced by TPHP in
southern China. However, TPHP is suspected to be carcinogenic, mu-
tagenic, and neurotoxic (Wei et al., 2015). Thus, residents in the e-
waste region, especially the recycling workers, have a high health risk
for exposure to this pollutant.

Little research has been conducted on OPEs in PM2.5. Chlorinated
OPEs (TCIPP, TCEP, and TDCIPP) were detected in PM2.5 collected in
10 Chinese cities. The most abundant compound, TCIPP, had a mean of
410 pg/m3 (D. Liu et al., 2016), lower than that in our study (1219 pg/
m3) (Table S3). The median concentrations of ∑12OPEs were 978 and
1046 pg/m3 in the urban air of the Great Lakes (Salamova et al., 2016),
which were approximately 3-fold lower than those in the present study.
Comparable mean concentrations of ∑9OPEs in the air (3250 pg/m3, gas
+ particle phases) of Beijing, China have been reported (R. Liu et al.,
2016). ∑14OPEs occurred at concentrations ranging from 360 to
4400 pg/m3 (median = 1800 pg/m3) in aerosols across the Atlantic,
Pacific, and Indian Oceans and higher levels were found at locations
close to the coast, suggesting a continental source (Castro-Jimenez
et al., 2016). The median concentrations of ∑8OPEs in remote Arctic
sites were 50–334 pg/m3, providing evidence of their global occurrence
associated mainly with long-range atmospheric transport (Salamova
et al., 2014; Suhring et al., 2016).

3.2. Correlations and sources

Correlation analysis between individual OPEs (Table 2) shows that
significant correlations were not observed for most of them in the urban
region. In general, moderate but statistically significant correlations
exist between TNBP, TCEP, TCIPP, and TMPP (r=0.35–0.58,

p < 0.025). EHDPP and TEHP had a strong correlation (r=0.82,
p < 0.001). The correlations were also weak for OPEs in the e-waste
region, where TNBP, TCEP, and TCIPP (r=0.75–0.87, p < 0.001)
have strong correlations, as do EHDPP, TEHP, and TMPP
(r=0.87–0.95, p < 0.001). The lack of significant correlations for
those OPEs in both regions suggests their different emission sources
possibly because of the diverse industrial or e-waste recycling activities
involved in the complexes.OC and EC are important carbonaceous
components of aerosols and play a significant role in the behaviors of
semi-volatile organic compounds in the atmosphere given their physi-
cochemical properties. OC may be emitted directly through various
combustion sources or formed through atmospheric oxidation of gas-
eous organic precursors, while EC is produced from incomplete com-
bustion processes such as biomass burning, vehicle exhaust, and coal
combustion (Zhang et al., 2016). The concentrations of OC and EC were
within the ranges of 3.16–18.7 μg/m3 and 0.93–6.94 μg/m3 with med-
ians of 7.63 and 2.89 μg/m3, respectively. There was a good linear re-
lationship between OC and EC (r=0.692, p < 0.001), implying that
approximately half (r2 = 0.48) of the OC in PM2.5 in the urban region
were derived from primary emissions. OPEs had no significant corre-
lations with OC and EC, except for TEHP (r=0.577, p < 0.001) and
EHDPP(r=0.310, p < 0.049) with OC and TEHP (r=0.345,
p < 0.025) with EC. In the e-waste region, a strong correlation existed
between OC and EC (r=0.850, p < 0.001), and approximately 72% of
the PM2.5 OC originated from primary emissions. EHDPP, TEHP, and
TMPP were significantly correlated with OC (r=0.474–0.584,
p < 0.035) and EC (r=0.648–0.706, p < 0.002). We hypothesize
that the emissions of these OPEs may be related to e-waste combustion
or thermal processing, during which OPEs and OC/EC are released si-
multaneously. However, there was a negative dependence (r=-
0.543−-0.374, p < 0.104) for the concentrations of TNBP, TCEP, and
TCIPP with the increasing OC and EC contents, although the correla-
tions were statistically significant only for TNBP (p < 0.036). This
could be a reflection of different emission mechanisms or atmospheric
processes as these three compounds have high water solubilities re-
lative to others.PAHs are a class of ubiquitous organic pollutants in the
atmosphere that are largely from various combustion sources. The
concentrations of PAHs ranged from 674 to 39,186 pg/m3 (median =
4974 pg/m3) in the urban PM2.5. In this region, PAHs had good corre-
lations with OC and EC except for volatile two-ring PAHs, and the
correlations with OC (r=0.341−0.747, p < 0.03) were more

Table 2
Pearson correlations (r-values) between OPEs and OC and EC in the urban and e-waste areas.a.

Urban area

EC TEP TNBP TCEP TCIPP TPHP EHDPP TEHP TMPP

OC 0.69** 0.10 0.05 − 0.30 − 0.04 0.06 0.31* 0.58** 0.23
EC − 0.14 − 0.06 − 0.15 − 0.17 0.25 0.22 0.34* 0.10
TEP − 0.16 − 0.32* 0.04 − 0.27 0.14 0.26 − 0.07
TNBP 0.58** 0.56** 0.15 − 0.11 − 0.01 0.47**
TCEP 0.57** 0.16 − 0.17 − 0.24 0.35*
TCIPP − 0.09 − 0.06 0.08 0.23
TPHP 0.36* 0.25 0.23
EHDPP 0.82** 0.30
TEHP 0.28

E-waste area
OC 0.85** − 0.17 − 0.54* − 0.39 − 0.42 0.17 0.58** 0.47* 0.54*
EC − 0.20 − 0.47* − 0.37 − 0.38 0.28 0.71** 0.65** 0.69**
TEP 0.27 0.30 0.20 0.11 0.27 0.28 0.27
TNBP 0.87** 0.86** 0.01 0.14 0.22 0.03
TCEP 0.75** − 0.21 0.18 0.26 0.03
TCIPP < 0.01 0.11 0.22 0.04
TPHP 0.33 0.34 0.51*
EHDPP 0.95** 0.93**
TEHP 0.87**

a *p < 0.05, **p < 0.01.
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significant than those with EC (r=0.276−0.505, p < 0.04), in-
dicating a similar source. We observed different correlations between
OPEs and PAHs (Table S4). TEP correlated with most three- and four-
ring PAHs (such as PHE, PYR and, CHR) which are thought to be de-
rived mainly from biomass or coal burning (Ma et al., 2018; Peng et al.,
2016; Singh et al., 2013). As discussed above, there is a high likelihood
that diffuse sources (such as buildings) play an important role in the
occurrence of TEP in the air of this city. The correlations were a result
of the partitioning of this compound into particles from biomass and
coal burning, which constitute a significant source of urban PM2.5 in
southern China (Zhou et al., 2018). TNBP, TCEP, and TMPP had ne-
gative correlations with some low-molecular weight (2–4 ring) PAHs,
suggesting distinct emission sources and/or atmospheric processes. This
is also supported by the PAH concentrations at these sites, which were
even lower than those (medians = 8060–21,650 pg/m3) previously
measured in PM2.5 from non-point sources (Gao et al., 2012). Positive
correlations with PAHs (except for a few 2–3 ring-compounds) were
found only for EHDPP and TEHP, similar to the correlations with OC
and EC.

In the e-waste region, the total PAH concentrations ranged from
2671 to 7473 pg/m3, with a median of 4610 pg/m3, which were not
significantly different from the levels in the urban region. It is very
surprising that significant correlations were not found between most
PAHs and OC and EC. The aforementioned correlations between OPEs
and OC/EC indicated an e-waste recycling source for OC and EC. This
finding suggests that e-waste recycling may be not the primary source

of PAHs in PM2.5 in this rural region. PAH molecular diagnostic ratios of
FLA/(FLT+PYR) (0.43–0.60, median = 0.48) in the urban area suggest
sources of coal/biomass burning and liquid fuel combustion, while in
the e-waste area, the ratios (0.48–0.55, median = 0.52) indicated more
robust coal/biomass burning source. The IPY/(IPY+BghiP) ratios in the
e-waste area also indicated a more significant impact by coal/biomass
burning sources in this rural area (Fig. S4). Only a few OPEs (EHDPP,
TEHP, and TMPP) showed significant correlations with some PAHs,
similar to the observation in the urban region.

Overall, the correlations revealed that around the sites involving
industrial/business activities, most OPEs and PAHs in the PM2.5 in the
study regions had different origins. However, in both regions, EHDPP
and TEHP (and TMPP in the e-waste region) were likely associated with
combustion or thermal sources.

3.3. Emissions to the air

The yearly emission rates of ΣOPEs from the 20 point source sites in
the urban region were estimated between 8.8 and 546 kg/yr, with an
average of 73 kg/yr, assuming a constant daily emission rate for a
certain site (Table S5). The OPE emissions from these industrial sources
were not dependent on the covering areas of the sources. This is
probably because the industrial parks in the urban region are usually a
complex of various industries, and some are not a significant emission
source of OPEs. Estimated total emissions were highest at SB and XP
industrial parks, the two industrial parks that showed the highest

Fig. 3. Spatial distributions of yearly emission of PM2.5-bound OPEs in the urban region constructed by the Kriging interpolation method.
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atmospheric OPE concentrations. The high emissions were pre-
dominantly contributed by TNBP (84%) and TMPP (93%) from these
two industrial parks, respectively, in which manufacturing of household
products, plastics, or electronics are primary industries. The emissions
of TEP (2.9 kg/yr) and TCIPP (6.2 kg/yr) (both are used in building/
construction materials) were highest at the electronics shopping center
in the business zone. TCEP emissions (15 kg/yr) near an automobile
factory and TPHP emission (12 kg/yr) at an industrial park related to
metals and electronics were pronouncedly higher than other sites
(0.4–3.6 kg/yr for TCEP and 0.5–11 kg/yr for TPHP). High emissions of
EHDPP (22 kg/yr) and TEHP (20 kg/yr) were found at the waste re-
cycling enterprise relative to other sources, but this was not found at
the waste incineration plant and the e-waste region. The emission rates
of OPEs from the four e-waste recycling parks were between 27 and
45 kg/yr with an average of 33 kg/yr.

The total OPE emissions from the 20 investigated industrial sites
were 1460 kg/yr. There are approximately 100 comparable industrial
parks in Guangzhou. Thus, emission estimates for these sources can be
extrapolated to emission inventories for the whole city. The 25th and
50th percentiles of the emission rates of the 20 sites were used, given
that a considerable number of uninvestigated industrial parks are of a
smaller scale than those investigated. We estimated that the industrial
activities in Guangzhou release approximately 3228–4452 kg OPEs into
the air each year. The four e-waste recycling parks emit approximately
133 kg OPEs into the air every year, which was much lower than those
in the urban region, because the magnitude of the industries in the
urban region was much larger than that in the e-waste region. The
spatially specific emission inventories of OPE emissions (Fig. 3) in-
dicated that industrial activities in southern Guangzhou apparently
emitted more of these pollutants.

Here, we estimated only the emissions associated with the PM2.5

fraction. Because the particle size distributions of OPEs are unknown,
emissions associated with larger size particles cannot be estimated.
Wolschke et al. (2016) investigated the gas/particle partitioning of
OPEs and found that the individual gas-phase OPEs accounted for ap-
proximately 10–90%. Based on these proportions, individual gas-phase
emission rate at each site was estimated. The average gaseous emission
rates of ∑OPEs were estimated to be 118 kg/yr (11–556 kg/yr) in the
urban region and 46 kg/yr (38–51 kg/yr) in the e-waste region. The
total atmospheric (PM2.5 + gas) emission inventories from these
sources were 3930 and 362 kg/yr in the two regions, and gas con-
tributed to approximately 60% of the emissions.

It should be noted that the emission results contain large un-
certainties. They can be attributed to the temporal variations in the
emissions and changing weather conditions due to the small sample
size, in addition to measurement of the concentrations and diffuse
sources around sampling sites. This study probably overestimates the
emissions without considering the potential urban non-point emissions
(e.g., from indoors). The gaseous emission seems to be overestimated on
the basis of applied gas/particle partitioning coefficients (in equili-
brium). However, there was a large uncertainty in the coefficients for
emissions from these point sources (depending on the releasing me-
chanisms), leading to substantial uncertainty in the gaseous emission
results.

4. Conclusion

The PM2.5-bound OPE concentrations displayed great variations
among the industrial point sources and the e-waste recycling facilities
in southern China. High concentrations were associated with the elec-
trical/electronics, plastics, waste recycling, and certain chemical in-
dustries, and lower concentrations were found for the machinery,
paper, clothing, and furnishing industries. Varying OPE compositions
were also observed at these sites, depending on the industrial activities.
There were no significant correlations between most OPEs, and these
pollutants generally showed weak correlations with OC, EC, and PAHs

in both regions, suggesting different emission mechanisms or atmo-
spheric processes. The estimated amount of atmospheric OPEs emitted
from the industrial sources in the urban region was one order of mag-
nitude higher than that from the e-waste recycling. To the best of our
knowledge, this is the first effort to model the emissions of OPEs from
industrial and e-waste recycling activities to the atmosphere.
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