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A B S T R A C T

Background: Numerous studies have documented that the general population is widely exposed to organopho-
sphate esters (OPEs), yet studies on the emissions of OPEs in the industrial application processes and their
occupational exposure are scarce. The aim of this study was to assess the exposure to OPEs for workers engaged
in OPE-retarded construction material manufacturing plant in China.
Method: Paired dust samples (12 samples each time) from an OPEs retarded building materials manufacturing
plant during the plant uptime and downtime have been analyzed for tris(2-chloroethyl)-phosphate (TCEP), tris
(2-chloroisopropyl) phosphate (TCPP), and other commonly used OPEs. Moreover, nine OPEs metabolites
(mOPEs) in urine samples (n = 42) from fourteen workers who engaged in this plant were also measured. The
daily exposure doses to OPEs were estimated from the measured urinary concentrations of corresponding
mOPEs.
Results: Thirteen out of fourteen studied OPEs (except for tri-n-propyl phosphate, TnPP) were determined in all
dust samples from the manufacturing plant, and TCEP and TCPP were the predominant compounds in dust
collected from the plant uptime and downtime. Overall, the occupationally exposed population had significantly
higher (p < 0.01) urinary levels of mOPE, especially for bis (2-chloroethyl) phosphate (BCEP), relative to the
reference population. Workshop workers who directly involved in the production of OPEs treated products had
higher OPEs exposure. Risk assessment revealed that cancer risk (1.5 × 10−6–8.5 × 10−4) for all workers was
larger than 1 × 10−6 when levels of mOPEs in urine from workers were used for estimating OPEs exposure,
revealing moderate to high potential cancer risk to workers from OPEs exposure.
Conclusion: To our knowledge, this is the first study reporting emissions of OPEs in OPE-treated products
manufacturing processes and the potential exposure of the occupationally exposed population. OPEs, especially
for TCEP and TCPP, present at elevated levels and pose moderate to high potential health risks to the exposed
workers, emphasizing the importance of strengthening occupational exposure prevention in similar industries.

1. Introduction

Organophosphate esters (OPEs) are extensively used as flame re-
tardants and plasticizers in a wide array of polymer-based consumer
products and construction materials such as furnishing fabrics, flooring
wax, wallpapers, textiles and expanded polystyrene panel (EPS), etc.
(Kemmlein et al., 2003; van der Veen and de Boer 2012; Vojta et al.,
2017; Wang et al., 2017). Large quantities of OPEs are often added into
products to achieve compliance with the flammability standards. High
levels of OPEs have been found in various building and decoration
materials (Ingerowski et al., 2001; Stapleton et al., 2009; Wang et al.,
2019b). For instance, OPEs, dominating by tris(2-chloroisopropyl)

phosphate (TCPP), tris(2-chloroethyl)-phosphate (TCEP) and tris(1,3-
dichloro-2-propyl) phosphate (TDCIPP) and tri-n-butyl phosphate
(TnBP), in EPS from the markets of China reached up to 9,694,000 ng/g
(Wang et al., 2017). As additives to polymers, OPEs are not chemically
bound to products and therefore can be readily released into the en-
vironment during manufacture, usage, and disposal of products (van
der Veen and de Boer 2012). Consequently, accumulating evidence
suggests the elevated OPEs levels in various indoor environments
globally (Stapleton et al., 2009; Vykoukalova et al., 2017; Shoeib et al.,
2019), causing widespread human exposure to OPEs.

Accumulating evidence suggests that human exposure to OPEs can
be associated with adverse health outcomes, such as children's allergic
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symptom (Araki et al., 2018), increased human triglyceride and total
cholesterol levels (Zhao et al., 2019a), endocrine disruption and re-
duced sperm quality (Meeker and Stapleton 2010; Meeker et al., 2013).
Maternal and paternal preconception urinary concentrations of some
OPE metabolites were negatively associated with in vitro fertilization
and pregnancy outcomes (Carignan et al., 2017; Carignan et al., 2018;
Hoffman et al., 2018). Kang et al. (2019) reported that urinary bis(2-
chloroethyl) phosphate (BCEP), bis(1,3-dichloro2-propyl) phosphate
(BDCIPP) and di-n-butyl phosphate (DnBP) levels were associated with
chronic kidney disease (CKD) among the general US adult population.
Furthermore, several OPEs are involved in carcinogenesis, e.g. tri-
methyl phosphate (TMP) along with two chlorinated analogs, TDCIPP
and TCEP were listed as probable human carcinogens under California’s
Proposition 65 (OEHHA 2019). Therefore, growing concerns have been
raised regarding OPEs exposure in the past decades.

Although emissions of OPEs arise from consumer and building
products during use and disposal, industrial processes in which OPEs-
related compounds applied are also important sources of OPEs release
into the environment. Besides, the occupational population who are
long-term under heavily polluted environments for work is more sus-
ceptible to OPEs exposure than the general population. In a recent
study, Bello et al. (2018) have reported 26–35 times higher urinary
TCPP metabolites concentrations in construction workers engaging in
spray polyurethane foam (SPF) insulation jobs relative to the general
population. As far as we know, studies assessing occupational exposure
to OPEs were mainly focused on workers who engaged in the processes
of usage or recycle of OPEs retarded products, such as e-waste dis-
mantlers (Yan et al., 2018; Nguyen et al., 2019), firefighters (Shen
et al., 2018) and SPF applicators (Bello et al., 2018). However, emis-
sions of OPEs and occupational exposure during industrial processes in
which OPEs-retarded products produced or processed have not hitherto
been reported. Therefore, investigations are warranted for assessing
OPEs environmental emissions and occupational exposure during the
OPEs-related products manufacturing processes.

General population exposure to OPEs mainly via dust ingestion
(Kademoglou et al., 2017), dermal absorption (Yadav et al., 2017), air
inhalation (He et al., 2018a) and dietary uptake (He et al., 2018b; Zhao
et al., 2019b). OPEs have a wide range of vapor pressures and hydro-
phobicities (Table S1), which are found to be distributed between gas-
and particle-phase (Sühring et al., 2016; Vykoukalova et al., 2017).
Dust is generally considered as a reservoir of indoor chemicals, and dust
ingestion is speculated to be a major source of human environmental
exposure to OPEs (Stapleton et al., 2011). Thus, dust was usually used
as a proxy for estimating OPE body burden to the general population.
Yet, for occupational population, such as workers in OPE-treated pro-
ducts manufacturing facilities, OPEs exposure can occur via accidental
ingestion and dermal uptake of OPE-contaminated dust and OPE-
treated product debris, or inhalation of contaminated air and airborne
particles. Thus, the estimation of exposure via a single or several ex-
posure routes might not reflect the actual exposure levels. Previous
studies have well documented that OPEs are rapidly hydrolyzed and
transformed into their respective diesters, i.e. diesters alkyl/aryl
phosphate in the human body (Wang et al., 2019a). Urinary OPE me-
tabolites (mOPEs) are therefore usually employed as a non-invasive
approach to evaluate the total exposure dose of OPEs via multiple
routes (Fromme et al., 2014).

In the present study, we chose a manufacturing plant of construction
materials located in a suburban area of Beijing China, which uses OPEs
as flame retardants to produce building materials, to investigate OPEs
emissions and occupational exposure. We analyzed 14 commonly used
OPEs in dust samples from this plant during the plant uptime and
downtime, as well as nine mOPEs in urine samples from workers of this
plant. We also evaluated the body burden of OPEs for the occupation-
ally exposed population based on the measured urinary mOPEs con-
centrations. Our aim is to assess the occupational exposure of OPEs for
workers involved in the manufacture of OPEs-treated products.

2. Materials and methods

2.1. Chemicals and reagents

Reference standards of parent OPEs, including TMP, triethyl phos-
phate (TEP), tri-n-propyl phosphate (TnPP), tri-n-butyl phosphate
(TnBP), TCEP, TCPP, TDCIPP, triphenyl phosphate (TPhP), tris(me-
thylphenyl) phosphate (TMPP), tri (2-butoxyethyl) phosphate (TBEP),
tri (2-ethylhexyl) phosphate (TEHP), cresyl diphenyl phosphate (CDPP)
and ethylhexyl diphenyl phosphate (EHDPP) were purchased from Dr.
Ehrenstorfer GmbH (Augsburg, Germany), and tri-iso-butyl phosphate
(TiBP) was obtained from Adamas-beta (Shanghai, China). Isotopically
labeled OPEs, including TMP-d9, TEP-d15, TnPP-d21, TnBP-d27
(Cambridge Isotope Laboratories) and TPhP-d15 (C/D/N Isotopes),
were used as internal standards. Reference standards of mOPEs con-
taining phenyl phosphoric acid (MPhP) was obtained from TCI Corp.
(Tokyo, Japan), bis(2-butoxyethyl) phosphate (BBOEP), bis (1-chloro-2-
propyl) phosphate (BCPP), BCEP, BDCIPP, bis(2-ethylhexyl) phosphate
(BEHP) and mono(2-ethylhexyl) phosphate (MEHP) were obtained
from Toronto Research Chemicals Inc. (Toronto, Ontario, Canada).
DnBP was purchased from Dr. Ehrenstorfer GmbH (Augsburg,
Germany). Diphenyl phosphate (DPhP) was purchased from Acros
Organics (New Jersey, USA). Bis(2-ethylhexyl) hydrogen phosphate
(DEHP) was purchased from Sigma Aldrich (St. Louis, MO, USA).

All solvents used throughout this study were HPLC grade and che-
micals were of the highest available grade. The purity of all reference
standards was ≥98%. Detailed information related to chemicals and
reagents is provided in the Supplementary Materials.

2.2. Description of the studied construction materials manufacturing plant

A medium-size construction materials manufacturing plant located
in a suburban area of Beijing China was selected as the sampling site. In
this plant, OPEs are mainly used as flame retardants in the production
processes of decorative high-pressure laminates (HPLs) and poly-
urethane composite materials since May 2012. The plant produced
approximately 40,000 m3 of HPLs and 200 tonnes of polyurethane
composite materials annually respectively. This plant was operated
from April to November every year, which we refer to as “plant up-
time”, OPE-treated products are produced during this period; while it
was shut down from December to March of the next year, which we
refer to as “plant downtime”, to comply with the Chinese government
environmental protection strategies. During the plant downtime, there
was nearly no production of OPEs-treated materials and the plant only
produces concrete admixture without adding any flame retardants.

The plant consumed approximately 200 tonnes of OPEs annually.
The OPEs mainly include TCEP and TCPP with annual consumptions
around 80 and 20 tonnes, respectively. Yearly consumption of dimethyl
methyl phosphate (DMMP), which was not involved in our study, was
about 40 tonnes. Additionally, several unspecified flame retardant
formulations are also used, with annual consumption of around 5–10
tonnes. Other OPEs were not used separately in the producing pro-
cesses. The employees in this factory were about 45 people including 11
females. Workers in the present studied facility could stratify as three
groups according to their occupations:

Workers Engaged in OPEs Treated Construction Materials Production.
About 25 workers, all males, are engaged in the research and devel-
opment, production and testing of OPEs treated HPLs and polyurethane
composite materials. Among whom there are about 10 workshop
workers and 15 technicians (also as R&D staff). The duties for workshop
workers are mainly deployed on weighting the raw materials in an
appropriate proportion into the reactors; then stirring for some time;
after the performance is acceptable, pouring materials into iron con-
tainers. Technicians are mainly responsible for the guidance of produ-
cing, the quality of product inspection and testing, as well as the re-
search and development of producing processes and products. The
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workers usually did not change work tasks. During the plant downtime,
workshop workers stop working and leave the plant, but technicians
continued doing experiments of producing processes and new products
with OPEs.

Workers Occupied with Manufacturing Concrete Admixture. In this
plant, around 15 workers were mainly engaged in the production of
concrete admixtures, which was not added any OPE flame retardants. In
work processes, the workers had no direct contact with the OPEs raw
materials or flame-retarded products. These workers had distinctive
work stations and work tasks, and there was no rotation.

Management and Logistics Personnel. There were about 5 managers
and support staff, whose work had no direct contact with OPEs treated
products.

The plant layout was open. Workers at this factory worn cotton
overalls, but did not wear any breathing protection and gloves.

2.3. Sample collection

2.3.1. Dust samples
Twelve paired dust samples were collected from different areas of a

construction materials manufacturer, including workshop, warehouse,
raw materials, staff quarter, offices and recreation room, during the
plant uptime (October 2014) and plant downtime (March 2017). Daily
cleaning practice was ceased for three days before sampling campaigns.
However, there was no cleaning practice for workshops and warehouses
where we collect dust samples during the plant downtime, thus dust
samples from these microenvironments during the plant downtime can
be considered as the deposition dust after the plant shutdown (around
3 months). Ten control dust samples were collected from several mi-
croenvironments including labs (n = 2), office (n = 3) and dorms
(n = 5). Detailed descriptions of dust samples and sampling locations
are provided in the Supplemental Materials (Table S3). The dust sam-
ples were collected using a disposable pig-bristle brush by gentle
sweeping the floor surface and elevated surface. All dust samples were
freeze-dried and sieved to<100 μm and stored at −20 °C before
analysis.

2.3.2. Urine samples
A total of 42 urine samples were collected from 14 occupational

workers (all males) who engaged in the plant, including one civilian
staff, seven technicians and six workshop staff, for three consecutive
regular working days in the plant uptime sampling campaign. The de-
mographic characteristics of the participants including age, sex, and
smoking or drinking habits are shown in Table S3. Random spot urine
samples were collected during the work period in polypropylene bottles
which were precleaned with acetonitrile. Samples were immediately
frozen and shipped with dry ice to the Research Center for Eco-En-
vironmental Sciences, Chinese Academy of Sciences (RCEES-CAS) la-
boratory and stored at −20 °C until analysis. For comparison, a cohort
of sixteen volunteers (students and staff) was also recruited from our
laboratory as a reference group to collect early morning-void urine
samples (n = 48) on three consecutive days. Equal volumes (2 mL) of
all forty-eight individual urine samples from the general population
were combined for a pooled urine sample for use in matrix spike tests.
All participants provided written informed consent, and the Institu-
tional Review Board of RCEES-CAS approved the study protocol.

2.4. Extraction and cleanup

Dust sample (0.10 g) was weighed in a 15 mL polypropylene tube
and spiked with 10 ng internal standards, including TMP-d9, TEP-d15,
TnPP-d21, TnBP-d27, and TPhP-d15. Samples were extracted using
3 mL acetonitrile (ACN) by a combination of vortexing (1 min) and
ultrasonication (10 min). Extraction was repeated three times. The
combined extract was evaporated to near dryness under nitrogen and
re-dissolved in 1 mL dichloromethane (DCM). The extract was cleaned

with a Florisil SPE cartridge (3 mL, 500 mg) which was pre-conditioned
in sequence with 8 mL ACN and 8 mL DCM. 8 mL DCM was used to
wash the cartridge after loading the sample, and the target OPEs were
eluted by 8 mL ACN. The eluate was concentrated to approximately
0.5 mL and diluted to a final volume of 1 mL with ACN/water (40/60,
v/v) mixture for further UPLC-MS/MS analysis. Each sample was pro-
cessed and analyzed in duplicate.

Urine samples were processed by a solid-phase extraction technique
and analyzed by UPLC-MS/MS. In brief, after being spiked with internal
standards (10 ng), pH values of urine samples (2 mL) were adjusted to
5.0 by adding acetic acid. The mOPEs were extracted using Oasis WAX
cartridge (3 mL, 150 mg) which was pre-conditioned in sequence with
2 mL 5% ammonium hydroxide (NH4OH) in methanol (MeOH), 3 mL of
MeOH and 3 mL of acetate buffer (pH 5.0). After the urine sample was
loaded, the cartridge was washed with 1 mL of acetate buffer and 2 mL
of water containing 30% methanol (pH 5.0, to keep positively-charged
sorbent). The target chemicals were eluted out by 5% NH4OH in MeOH,
the eluent was concentrated to 0.5 mL under a gentle stream of nitrogen
and stored at −20 °C until further analysis.

Samples were determined for specific gravity (SG) using a digital
handheld refractometer (Atago Co., Ltd., Japan). Urine creatinine
concentrations were measured at the Beijing Centers for Disease
Control and Prevention (CDC) using a Roche/Hitachi Cobas 6000
Analyzer (Roche Hitachi, Basel, Japan).

2.5. Instrumental analysis

Identification and quantification of OPEs were performed on an
ultra-performance liquid chromatography-tandem mass spectrometer
system (UPLC-MS/MS) consisting of a Waters ACQUITY UPLCTM system
(Waters, Milford, MA, USA) coupled to a TSQ Quantum Ultra mass
spectrometer (Thermo Fisher Scientific, San Jose, CA, USA). The MS
was equipped with an electrospray ionization (ESI) probe (positive for
OPEs and negative for OPEs metabolites) and operated in the multiple
reaction monitoring (MRM) mode (Table S1 and Table S2). Detailed
information on instrumental analysis, including the mobile phases and
gradient program, UPLC conditions, and mass spectral parameters, are
introduced in the Supplementary Materials.

2.6. Quality assurance and quality control

To avoid cross-contamination, all hand-held brushes were dis-
posable. All containers and laboratory wares were thoroughly checked
for the presence of analytes. A procedural blank, a matrix-spiked and a
replicate samples were analyzed for each set of 16 samples. As a field
blank, the pre-washed anhydrous sodium sulfate (Na2SO4) was spread
across a clean aluminum foil as an alternative to dust and collected in
the same manner that the dust samples were collected. A blank cor-
rection was applied to the OPE measurements by subtracting the
average amount detected in the field blanks from the same batch.
Procedural blanks were prepared by substitution of 2 mL of ultrapure
water for urine and underwent the entire analytical procedure. Levels of
mOPEs in blanks were below the limits of quantification (LOQs). We
defined method limits of quantification (LOQs) as three times the
standard deviation of the field blanks normalized to the sample mass/
volume (typically 0.10 g dust and 2 mL urine). For compounds not
detected in the field blanks, a signal-to-noise (S/N) ratio of 10:1 was
used to calculate the LOQ and normalized to the dust sample mass or
urine volume. Since LOQs are compound-specific variables, they
spanned a large range of concentrations (Tables 1 and 2).

Recovery of the fourteen OPEs and nine OPE metabolites were as-
sessed by spiking 5 ng of OPEs standard mixture into 0.10 g of dust, and
spiking 10 ng and 40 ng of OPE metabolites standard mixture into 2 mL
urine, respectively. Recoveries for the fourteen OPEs and mOPEs were
in the range of 61 ± 8.3%–123 ± 5.6% (Table S1) and
89 ± 1.3%–124 ± 5.4% (Table S2). A few samples were randomly
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selected for duplicate analysis, and the coefficient of variation was<
12% for all target analytes.

A midpoint calibration standard was injected after every 10 samples
as a check for the drift in instrumental sensitivity. Pure solvent (acet-
onitrile) was injected after every 10 samples to check for carryover of
OPEs. Instrumental calibration was verified weekly by the injection of
10 calibration standards at concentrations ranging from 0.2 to 500 μg/L
and 1.0 to 1000 μg/L for OPEs and mOPEs respectively, and the line-
arity of the calibration curve (r2) was ≥ 0.99 for all analytes.

2.7. Occupational exposure estimation

We attempt to assess OPEs exposure for the occupationally exposed
population. Urinary mOPEs concentrations have been used in the esti-
mation of OPEs' body burden in previous studies (Fromme et al., 2014;
Wang et al., 2019a). We calculated the total daily intake (TDI) (ng/kg
bw/day) from the urinary mOPEs using the following equation
(Fromme et al., 2014):

=
×

×
C UV

F
MW
MW

TDI m excr

UE

p

m

where Cm is the uncorrected urinary concentration of OPE metabolite
(ng/mL); UVexcr is the daily excreted urinary volume of 20 mL/kg bw/
day for adults (Wang et al., 2019a); FUE is the molar fraction of urine-
excreted mOPE with respect to its parent OPEs, the available data re-
garding kinetics or metabolism of OPEs are limited (Fromme et al.,
2014). We used the FUE value of 0.18 for DnBP, BBOEP, and DEHP; 0.63
for BCEP, BCIPP, BDCIPP, DPhP, (Fromme et al., 2014; Wang et al.,
2019a). MWp and MWm are the molecular weights of the parent OPEs
and corresponding metabolites, respectively.

2.8. Statistical analysis

All statistical analyses were performed with SPSS software for
Windows (Version 22.0, SPSS Inc., Armonk, NY, U.S.). Statistical ana-
lysis was performed only for analytes with detection frequency (DF)
larger than 50%. Values below LOQ were replaced with half of LOQs

Table 1
Concentrations (ng/g dry weight) of OPEs in dust in the construction materials manufacturing facility during plant uptime (Oct. 2014, plant uptime sampling
campaign) and downtime (Mar. 2017, plant downtime sampling campaign).a,b

Chemical name LOQ (ng/g) Plant uptime sampling campaign, n = 12 Plant downtime sampling campaign, n = 12 Control site, n = 10

DF (%) median mean range DF (%) median mean range DF (%) median mean range

Chlorinated Organophosphate Esters (Cl-OPEs)
TCEP 18 100 207,632 529,195 10,644–2,115,470 100 25,119 39,777 4327–207,572 100 1682 1894 495–4942
TCPP 4.0 100 57,262 108,228 4894–316,736 100 8888 27,162 1690–212,006 100 1140 1555 501–4939
TDCIPP 8.9 100 76 93 13–306 100 254 856 51–7381 90 98 178 4.5–910
∑3Cl-OPEs 100 264,951 637,516 15,566–2,432,312 100 34,706 67,794 6686–426,958 100 3093 3627 1501–6767

Nonchlorinated Organophosphate Esters (non-Cl-OPEs)
TMP 2.5 100 84 104 8.0–271 92 113 160 <2.5–423 100 99 99 6.2–217
TEP 5.9 100 12,545 19,789 1378–54,356 100 8480 13,285 1469–54,759 100 208 257 29–592
TnPP 16 0 –c –c < 16 0 –c –c < 16 50 <16 17 <16–41
TPhP 12 100 99 223 20–1208 100 108 137 54–329 100 297 309 110–505
TnBP 4.6 42 –c –c < 4.6–34 25 –c –c < 4.6–11 100 40 41 11–84
TiBP 8.6 92 18 77 <8.6–478 100 170 203 26–501 60 15 27 <8.6–111
CDPP 2.2 100 241 1070 50–7490 100 57 78 35–209 100 61 122 13–503
TBEP 5.3 100 154 216 11–909 100 24 997 5.3–11,663 100 119 121 21–211
TMPP 12 100 107 131 19–399 100 95 212 23–1346 100 31 50 18–173
TEHP 7.1 25 –c –c < 7.1– 36 100 19 22 11–37 90 33 71 <7.1–212
EHDPP 22 25 –c –c < 22–32 75 25 26 <22–62 90 67 120 <22–401
Σ11nonCl-OPEs 100 15,562 21,643 1758–55,042 100 9338 15,118 2036–68,642 100 1202 1234 420–2001
ΣtotalOPEs 100 273,545 659,159 17,869–2,487,354 100 50,597 82,912 12,063–495,600 100 3729 4207 1624–8768

aTwo effective digits have been used in this study. LOQ: limits of quantification. DF: detection frequency, which refers to the percentage of values larger than LOQs.
bValues below LOQ were assigned as LOQ/2 for statistical analysis.
cDescriptive statistic was not given when the DF less than 50%.

Table 2
Limit of quantifications (LOQs), detection frequencies (DF, %), median, geometric means (GM), mean ± SD and range of concentrations for urinary OPE metabolites
(mOPEs) (wet weight in ng/mL).

Chemical analyte LOQ (ng/mL) Worker urine samples (n = 42) Reference population urine samples (n = 48)

DF (%) median GM mean ± SD range DF (%) median GM mean ± SD range

BCEP 0.15 100 60 40 102 ± 169 0.41–691 60 0.17 0.24 0.66 ± 1.0 < 0.15–3.9
BCPP 0.20 69 1.2 1.2 5.3 ± 7.5 <0.20–32 17 –a –a –a < 0.20–2.4
BDCIPP 0.15 81 0.58 0.46 0.89 ± 1.1 <0.15–5.4 58 < 0.15 0.15 0.26 ± 0.36 < 0.15–1.7
DPhP 0.030 88 0.086 0.076 0.10 ± 0.074 <0.030–0.38 79 0.12 0.10 0.24 ± 0.40 < 0.030–2.3
DnBP 0.20 93 0.95 0.64 0.85 ± 0.46 <0.20–1.9 58 0.25 0.28 0.46 ± 0.42 < 0.20–1.4
BBOEP 0.020 62 0.037 0.052 0.32 ± 0.67 <0.020–3.3 75 0.042 0.054 0.18 ± 0.39 < 0.02– 2.2
BEHP 0.030 93 0.17 0.19 0.33 ± 0.32 <0.030–1.3 81 0.050 0.055 0.091 ± 0.12 < 0.03–0.64
MPhP 0.50 67 0.63 0.56 0.69 ± 0.46 <0.50–2.4 42 –a –a –a < 0.50–20
MEHP 0.55 100 1.7 1.6 1.6 ± 0.50 0.77–2.7 96 1.3 1.2 1.3 ± 0.59 < 0.55–2.9
ΣmOPE 100 71 58 113 ± 170 5.1–695 100 3.5 3.5 4.5 ± 3.7 0.95–21

LOQ: limit of quantification.
DF: detection frequency, which refers to values larger than LOQs.
SD: standard deviation.

a Median, GM, mean and standard error (SD) could not be calculated because detection frequency is less than 50%.
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before statistical analysis (He et al., 2018a). Summary statistics were
calculated for OPEs and mOPEs including median, geometric mean, and
arithmetic mean. The data of OPEs and mOPEs were assessed for nor-
mality (Shapiro-Wilks) and the homogeneity of variances (Levene’s
test). The dust OPE levels, urinary mOPEs concentrations were highly
skewed, and some of the logarithmic transformation data were also not
normally distributed. Therefore, nonparametric methods were used to
evaluate the differences in the distribution of OPEs or mOPEs. Wilcoxon
Signed Ranks Test was used to test differences in paired samples, e.g.,
dust OPEs levels between plant uptime and downtime campaigns, while
Mann-Whitney U test was used to evaluate differences between non-
related samples such as dust samples from different functional areas of
construction materials manufacturer (between staff activities areas and
work areas). Spearman's rank correlation test was used to investigate
the relationships between bivariate.

Since the concentrations of chemicals vary with urine volume at
each sampling event, urinary mOPEs concentrations were normalized
using specific gravity (SG) as previously described (Meeker et al., 2013)
and creatinine (Cr) to compensate for variations in urine dilution.

3. Results and discussion

3.1. Concentrations and profiles of OPEs in dust

Fourteen OPEs were identified and quantitated in the dust samples
from the construction materials manufacturing plant and control site.
The descriptive statistics, including median, arithmetic mean, and
range of OPEs concentrations in dust sampled from the construction
materials manufacturing plant and control site are summarized in
Table 1. Selected OPEs concentrations for each sample are provided in
Figs. S1 and S2. Among the detectable OPEs, in the plant uptime
sampling campaign, compounds were detected in all dust samples with
three exceptions: TnBP, TEHP, and EHDPP were detected at frequencies
of 42, 25 and 25%, respectively; while in the plant downtime sampling
campaign, TMP, EHDPP, and TnBP were respectively detected at fre-
quencies of 92, 75 and 25%, the remaining OPEs were detected in all
dust samples. The levels of ∑OPE (sum of detectable OPE) in dust
samples from the plant uptime sampling campaign (median:
273,545 ng/g, range: 17,869–2,487,354 ng/g) were significantly higher
than those from the plant downtime sampling campaign (median:
50,597 ng/g, range: 12,063–495,600 ng/g) (Wilcoxon Signed Ranks
Test, p = 0.003). During the downtime, OPE-treated polyurethane
materials were nearly not produced and OPEs were only used in the
plant R&D staff’s research, revealing the plant OPEs-treated products
manufacturing activities are the major processes influence the emission
of OPEs.

The levels of ∑OPE in dust samples from the construction materials
manufacturing plant were 1–2 orders of magnitude higher than those in
dust from the control site. No significant differences were observed for
OPEs in dust sampled from office and dormitory of the control site
(Table S6), with the exception of TCEP which was significantly greater
(p = 0.022) in office dust than that in dormitory dust.

The individual OPE concentrations in dust during plant uptime and
downtime sampling campaign, and control sites were plotted in Fig. 1.
Elevated levels of TCEP (median: 207,632 ng/g, range:
10,644–2,115,470 ng/g) and TCPP (median: 57,262 ng/g, range:
4894–316,736 ng/g) were observed relative to other OPEs in dust from
plant uptime sampling campaign. Similarly, much higher concentra-
tions of TCEP and TCPP were also observed in dust from the plant
downtime sampling campaign and the control site. This is in line with
the previous studies reported that TCEP and TCPP are the dominant
OPEs in various matrixes from China (Shi et al., 2016; Li et al., 2018;
Cao et al., 2019; Pang et al., 2019), reflecting substantial and extensive
use of these two chemicals in China. Dust OPEs levels varied widely
depending on sampling locations (Figs. S1 and S2), implying the het-
erogeneity of dust from different sampling locations. During the

processes of adding OPEs additives, raw materials and OPEs-treated
products handling and storing, high purity OPEs additives and OPEs-
treated construction materials debris are expected to end up in dust.
Levels of TCEP and TCPP in dust from workshops (i.e., insulation
workplace, polyurethane waterproof material workshop, admixture
workshop) were about four times higher relative to those from ware-
houses (i.e., raw materials, semi-finished products, finished products
warehouses). Collectively, concentrations of OPEs in dust samples col-
lected from work areas (i.e., workshops and warehouses) were sig-
nificantly higher than those collected from staff activity areas (i.e., staff
quarter, office room and recreation room) (Fig. S3). In plant uptime
sampling campaign, with respect to individual OPE, TCPP (p < 0.01),
TCEP (p < 0.01) and TMP (p < 0.05) in dust samples from work
areas were significantly higher than those in dust from staff activity
areas, in contrast, CDPP in dust samples from work areas was sig-
nificantly lower than those in staff activity areas (p < 0.05). In plant
downtime sampling campaign, TMPP (p < 0.05) and TCPP
(p < 0.05) in dust samples from work areas were significantly higher
than those from staff activity areas, TCEP and ∑OPE were also higher in
work areas but not statistically significant (p = 0.066), inversely, TiBP
in dust samples from work areas was significantly lower than those in
staff activity areas (p < 0.05). Dust from staff quarters contained
appreciable levels of TCEP, with average concentrations of
124,210 ± 38,248 ng/g and 16,125 ± 10,878 ng/g from plant up-
time and downtime sampling campaign, respectively. Through our field
investigation, most of the occupational workers did not change their
clothes after work. Workers unintentionally carried OPEs to staff
quarters via their work clothes, leading to elevated TCEP levels in staff
quarters. Besides, staff quarters are next to the semi-finished products
warehouse, emission and diffusion of OPEs from semi-finished products
might be another interpretation of these findings. Levels of TCEP and
TCPP in dust from the office room were respective 11,589 ng/g and
34,549 ng/g, which were approximately 3 times higher than those in
the playroom (4894 ng/g and 10,644 ng/g) in the plant uptime sam-
pling campaign. Nevertheless, similar concentrations were observed in
dust from both locations in the plant downtime sampling campaign.

The distribution of selected OPE in ΣOPE was calculated for dust
from two sampling campaigns and control sites (Fig. 2). It is obvious
that chlorinated OPEs are the dominant OPEs in dust samples, ac-
counting for 87.0–99.6% (mean: 94.4%) and 55.4–88.7% (74.3%) in
the plant uptime and downtime sampling campaign, respectively. TCEP
was the predominant OPE, accounting for 58.2–79.8% (69.9%) and
35.9–62.1% (51.1%) in the plant uptime and downtime sampling
campaign, respectively, followed by TCPP accounting for 23.3% and
22.3% in the plant uptime and downtime sampling campaign, respec-
tively. These observations mirror the intensive use of TCEP and TCPP in
the construction materials manufacturing plant. Since TCPP and TCEP
have been reported as suspect carcinogens (van der Veen and de Boer
2012), the elevated abundances of these two compounds in dust from
the plant may pose potential health risks for workers. With regard to
OPEs in dust samples from the control site, TCPP was the most abun-
dant chemical in dormitory dust, while TCEP was the dominant analyte
in office and laboratory dust, these findings are consistent with a most
recent study (Cao et al., 2019).

Comparative data of OPEs in dust from occupational settings are
limited. Selected OPEs concentrations in dust from several other oc-
cupational settings worldwide are tabulated in Table S7. Levels of
TCEP, TCPP, and TEP in dust sampled from the construction materials
manufacturing plant are at least an order of magnitude higher than
those reported for other workplaces, including fire stations in the U.S.
(Shen et al., 2018), occupational environments (i.e., university office,
electronic stores, and clothing stores) in Pakistan (Ali et al., 2014), e-
waste recycling/dismantling facilities in Canada (Stubbings et al.,
2019), China (He et al., 2015; Zheng et al., 2015) and Thailand
(Muenhor et al., 2018). Median levels of TBEP were the same order of
magnitude as those reported for occupational environments in Pakistan
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(Ali et al., 2014), and e-waste recycling facilities in China (He et al.,
2015; Zheng et al., 2015) and Thailand (Muenhor et al., 2018). Simi-
larly, levels of TDCIPP, TPhP, EHDPP, TEHP, and TMPP were com-
parable to those in three occupational environments in Pakistan (Ali
et al., 2014) and e-waste recycling facilities in Thailand (Muenhor
et al., 2018). However, concentrations of TDCIPP, TPhP, and TMPP in
dust samples in the present study were much lower than those detected
in e-waste recycling/ dismantling facilities in Canada (Stubbings et al.,
2019) and China (He et al., 2015; Zheng et al., 2015). These findings
indicate that large variations in the usage pattern of OPEs additives in
different types of products and emission characteristics of the potential
OPE source in different occupational environments.

TCEP is primarily used as a flame retardant and plasticizer. Though
TCEP has been replaced by TCPP as an FRs additive in the early 1990s
in the European Union due to its carcinogenicity (Quednow and
Püttmann 2009), it is still used in developing countries, like China, as
evidenced by its ongoing elevated concentration in various environ-
mental matrixes of China, for instance, road dust (Li et al., 2018; Chen
et al., 2019), indoor dust (Cao et al., 2019), soil (Wang et al., 2019c),
total suspended particulates (TSP) (Pang et al., 2019), surface water
(Shi et al., 2016), drinking water (Li et al., 2019), food (Zhang et al.,
2016). TCEP was the dominant OPEs in serum samples collected from
people living in Shandong, China, and the concentration was increased

in recent years (Ma et al., 2017). Moreover, BCEP, a major metabolite of
TCEP, was the dominant mOPEs in urine of children (Zhang et al.,
2018a) and adults (Zhang et al., 2018b) from China.

The OPEs in the dust samples were significantly correlated with one
another (Table S8), suggesting related sources of these compounds.
Correlations were not performed for EHDPP or TEHP due to their low
detection frequency (29% and 21%, respectively). Relationships among
individual OPE in dust samples from plant uptime sampling campaign,
significant moderate positive correlations were found for CDPP vs TBEP
(Rs: 0.71, p < 0.05), TPhP (Rs: 0.80, p < 0.01), TMPP vs TCPP (Rs:
0.59, p < 0.05), TCEP (Rs: 0.58, p < 0.05), TCPP vs TEP (Rs: 0.71,
p < 0.01), TMP (Rs: 0.60, p < 0.05); strong positive correlations were
observed for TCEP vs TCPP (Rs: 0.84, p < 0.01), TEP (Rs: 0.90,
p < 0.01), TMP (Rs: 0.86, p < 0.01), TEP vs TMP (Rs: 0.86,
p < 0.01). Taken together these findings suggest that TCEP and TCPP
are being added in combinations into construction materials, which was
confirmed by the manufacturer.

3.2. Urinary concentrations of mOPEs

In vitro metabolism studies have documented that OPEs are rapidly
metabolized in the human body (Van den Eede et al., 2013; Ballesteros-
Gómez et al., 2015; Van den Eede et al., 2015). We have measured nine

Fig. 1. Concentrations (ng/g) of OPEs in dust
from construction materials facility and control
sites. Shown in the boxes are the 25th to 75th
percentiles, whiskers are 1.5 interquartile range
(IQR), median (central black line), arithmetic
mean (opened grey square) and outlier (in-
dividual dot symbol) values. Only analytes with
detection frequency larger than 50% are plotted.

Fig. 2. Percent composition profile of OPEs in dust samples. (a), (b) and (c) are the composition profiles of several predominant OPEs in dust from plant uptime,
downtime sampling campaign and control sites, respectively. Figures (a) and (b) share the y-axis tick labels.
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mOPEs in urine samples from workers engaged in construction mate-
rials manufacturing plant and the reference population, with detected
frequencies (DFs) of individual mOPE in the range of 62–100% and
17–96%, respectively. Descriptive statistics of the distribution of ur-
inary mOPEs concentrations in workers are presented in Table 2. The
specific gravity (SG)-normalized and creatinine (Cr)-normalized urinary
OPE metabolites are given in Table S9. The concentration of ∑mOPEs
(sum concentration of nine mOPE) in workers urine (range:
5.1–695 ng/mL, median: 71 ng/mL) was significantly higher
(p < 0.01) than those in reference population urine (range:
0.95–21 ng/mL, median: 3.5 ng/mL). In addition, levels of BCEP,
BDCIPP, and DEHP in workers' urine were also significantly higher than
those in reference population, but DPhP in reference population was
significantly higher (p < 0.01) than workers (cf. Fig. 3). BCEP was the
dominant mOPE (median: 60 ng/mL), followed on decreasing order by
MEHP (1.2 ng/mL), BCPP (1.2 ng/mL), DnBP (0.95 ng/mL), MPhP
(0.63 ng/mL), BDCIPP (0.58 ng/mL), BEHP (0.17 ng/mL), DPhP
(0.086 ng/mL), and BBOEP (0.037 ng/mL). The concentrations of
mOPEs varied considerably from one individual to another, indicating
the compound-specific metabolic difference. In vitro metabolism stu-
dies have proven that individual OPE could have several potential
metabolites formed and excreted from the human body (Ya et al.,
2019). For instance, hydroxylated metabolites of TBEP, TCPP, TPhP,
TDCIPP have been frequently detected in human urine (Dodson et al.,
2014; Xu et al., 2019a).

Urinary mOPEs concentrations varied substantially (∑mOPEs range:
8.2–1726 ng/mL) among individual workers (Table S10). One techni-
cian had substantially elevated urinary mOPEs, especially BCEP
(1708 ng/mL), while one of these participants was the civilian staff
working only in offices and no direct contact with OPEs treated pro-
ducts, who had the lowest average urinary mOPEs levels (8.2 ng/mL). It
should be noted that we had limited statistical power to detect statis-
tically significant differences in OPEs exposure for workers occupying
different type of jobs due to the relatively small sample size of the
present study.

In this study, two phosphate mono-ester metabolites, i.e., MEHP and
MPhP, have also been investigated in urine samples. MEHP have

respective detection frequency 100% and 96% in workers and reference
population urine, with a relatively high median concentration of
1.7 ng/mL and 1.3 ng/mL. MPhP was less frequently detected in worker
urine (67%) and reference population urine (42%), whereas the max-
imum concentration in reference population urine reached up to 20 ng/
mL. Comparative data for these two monoesters in urine samples are
scarce.

Not surprisingly, levels of urinary BCEP (median: 60 ng/mL) among
workers engaged in the flame-retarded construction materials manu-
facturer we report here are the highest reported hitherto (Schindler
et al., 2013; Schindler et al., 2014; Jayatilaka et al., 2017; Lu et al.,
2017; Yan et al., 2018) (Table S11). The urinary concentration of BCPP
(1.2 ng/mL; Cr-normalized GM: 0.78 μg/g) was higher than that re-
ported for e-waste recycling sites workers (0.14 ng/mL) from China (Lu
et al., 2017; Yan et al., 2018), aircrews (0.16 ng/mL) (Schindler et al.,
2013) or aircraft maintenance technicians (0.20 ng/mL) (Schindler
et al., 2014) from Germany and firefighters (0.24 ng/mL) (Jayatilaka
et al., 2017) from the U.S., but lower than those in spray polyurethane
foam applicators from the United States (Cr-normalized GM: 2.9–70 μg/
g) (Bello et al., 2018; Estill et al., 2019). BDCIPP concentration
(0.58 ng/mL; Cr-normalized GM: 0.30 μg/g) are slightly higher than
those in e-waste recycling sites workers from China (0.12–0.23 ng/mL)
(Lu et al., 2017; Yan et al., 2018) and Belgium laboratory workers
(0.19 ng/mL) (Bastiaensen et al., 2018) but about 10 times lower than
those reported for spray polyurethane foam applicators (Cr-normalized
GM: 2.4–3.0 μg/g) (Bello et al., 2018; Estill et al., 2019) and firefighters
(3.4 ng/mL) (Jayatilaka et al., 2017) from the U.S. A few studies re-
ported urinary concentration BBOEP in occupational population,
BBOEP concentration measured in this study (0.037 ng/mL) was com-
parable to those reported for e-waste recycling sites workers from China
(Lu et al., 2017; Yan et al., 2018). Levels of DPhP are 1–2 orders of
magnitude lower than those reported previously for workers from other
occupational settings. Schindler et al. (2014) reported significantly
higher urinary DnBP (preshift median: 13 ng/mL and post-shift median:
24 ng/mL) from aircraft maintenance technicians in Germany. The
concentrations and profiles of mOPEs in the urine of reference popu-
lation are in accordance with a most recent study, which reported ur-
inary mOPEs levels in children (0–5 yrs old) (Zhang et al., 2018a) and
people living in 13 cities in China (Zhang et al., 2018b).

Spearman’s rank correlation coefficients for individual mOPEs in
urine are provided in Table S12. Significant positive correlations were
observed between DEHP and DPhP, BBOEP and MPhP, DnBP and MEHP
(Rs: 0.36–0.80, p < 0.05) in urine samples from both workers and
reference population, indicating their levels might be influenced by
similar sources, metabolism rates or elimination rates. In urine samples
from workers, BCPP was significantly associated with DnBP (Rs: 0.44,
p < 0.01) and MEHP (Rs: 0.49, p < 0.01). More paired of mOPEs
correlations were observed in the urine samples from reference popu-
lation, namely, DEHP was positively correlated with MEHP (Rs: 0.55,
p < 0.05), BDCIPP was significantly associated with DnBP, MEHP, and
BCEP (Rs: 0.52–0.82, p < 0.05), BCEP was significantly associated
with DnBP (Rs: 0.89, p < 0.01) and MEHP (Rs: 0.76, p < 0.01).

3.3. Association between dust OPE levels and urinary OPE metabolites

Concentrations of some OPEs such as TDCIPP and TCPP in dust have
been documented to be statistically significantly associated with the
levels of their corresponding metabolites in human urine (Fromme
et al., 2014; Xu et al., 2019a), indicating important contributions of
indoor dust exposure to the overall human exposure scenarios. How-
ever, unexpectedly, we have found no statistically significant correla-
tion (p > 0.05) between concentrations of OPE in dust and levels of
urinary mOPEs (SG-normalized concentration) (Table S13). For occu-
pational population, weak non-significant positive correlations
(Rs = 0.12–0.30; p greater than 0.05) between urinary BDCIPP, DPhP,
BCPP, BCEP and their respective parent OPE (TDCIPP, TPhP, TCPP and

Fig. 3. Box and whisker plot comparing mOPEs concentrations (ng/mL, specific
gravity normalized) in urine from workers (n = 42) and reference population
(n = 48). Shown in boxes are the 25th to 75th percentiles, whiskers are 1.5
interquartile range (IQR), median (central black line), mean (opened gray
square) and outlier (individual dot symbol) values. *Significantly different with
p < 0.05, **Significantly different with p < 0.01 (Mann-Whitney U Test, two-
tailed).
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TCEP, respectively) were observed, indicating that inadvertent dust
ingestion and dermal contact intake as significant but not the de-
terminant exposure routes of these compounds. In contrast, weak non-
significant negative correlations between BBOEP and TBEP
(Rs =−0.24, p= 0.46), MPhP and TPhP (Rs = −0.44; p= 0.15) were
observed, in addition, both DPhP and MPhP are negatively associated
with CDPP in dust though no significant correlation was obtained.
These observations suggest that other sources other than dust might be
responsible for BBOEP and MPhP exposure.

Similarly to our results, weakly positive nonsignificant correlations
for the urinary metabolite and dust parent pairs (BDCIPP-TDCIPP and
BCEP-TCEP) were also reported (Dodson et al., 2014). Meeker et al.
(2013) reported a weakly (Rs = 0.31) but significantly (p = 0.03)
correlation between uncorrected urinary BDCIPP and dust TDCIPP
concentrations, but the correlation for BDCIPP-TDCIPP was also not
significant (Rs = 0.25; p = 0.10) when using SG-corrected urinary
BDCIPP concentrations.

It is important to note that several metabolites are nonspecific (Bui
et al., 2017), such as DPhP can derive from multiple parent OPEs, in-
cluding TPhP, EHDPP, CDPP and resorcinol bis-diphenyl phosphate
(RDP) (Wang et al., 2019a), weakening correlations between con-
centrations of urinary mOPEs and parent OPE in dust. Additionally,
they are not solely originating from the hydrolyze of their respective
triesters, some mOPEs, such as DnBP, DEHP, DPhP, and MEHP, are also
industrially produced and used in a broad of applications (Quintana
et al., 2006; Xu et al., 2019b). Moreover, OPEs might have already been
degraded to mOPEs before intake, several mOPEs (e.g., BBOEP, BCPP,
BDCIPP, DPhP, DnBP, and BEHP) have been frequently detected in food
(He et al., 2018b) and dust (Tan et al., 2019). Dietary intake of diesters
might, therefore, be another plausible explanation for the lack of sta-
tistically significant between dust-associated OPEs and urinary mOPEs.

3.4. Occupationally exposure estimation and health risk assessment

mOPEs were usually used as biomarkers in previous biomonitoring
studies to assess human exposure to OPE parent chemicals due to the
short half-lives of OPEs in the human body (van der Veen and de Boer
2012; Wang et al., 2019a). The back-calculated exposure doses of OPEs
based on unnormalized urinary mOPEs concentrations are summarized
in Table 3. Workers (median: 1688 ng/kg bw/day, 95th percentile:
19,373 ng/kg bw/day) had 1–2 orders of magnitude higher ∑8OPE
exposure levels than the reference population (median: 154 ng/kg bw/
day, 95th percentile: 766 ng/kg bw/day). OPE exposures for workers
were close to 1.5 times (TEHP) to two orders of magnitude (TCEP and
TCPP) greater than the reference population, with the exception of
TPhP, TBEP, and EHDPP.

We also estimated the external exposure via dust ingestion and
dermal contact (Table S14). Clearly, the internal exposure of all OPE
was much higher than their external exposure. For example, internal

exposure of TCEP (median: 1350 ng/kg bw/d) was 2.89 fold of external
exposure (median: 472 ng/kg bw/d, the sum of dust ingestion and
dermal absorption) in high-end exposure scenario (95th percentile dust
OPEs concentration and high dust ingestion rates, i.e., 60 mg/day).
These results suggest that urinary OPE metabolites concentrations can
provide information about occupational exposures from multiple mi-
croenvironments, such as through direct skin contact with OPE-treated
products, OPE-contaminated dust and/or uptake via ingestion of dust,
inhalation of polluted air or airborne particles.

There are several possible explanations for higher internal OPEs
exposures estimated from urinary OPE metabolites concentrations re-
lative to external exposure estimated based on the dust OPE con-
centrations. Employees of our study spend their all days in the plant,
either in working areas (e.g., warehouse, workshop and office) or in
staff activity areas (e.g. staff quarters and entertainment room). The
fraction of time in these two areas cannot be estimated accurately.
Workers may also exposure to OPEs when contact with the OPE-treated
products. In addition, inhalation could be an important route for OPE
exposure (Xu et al., 2016), while in this study we didn’t measure the air
OPEs concentrations due to the sampling limitation.

Overall, workers in the construction materials manufacturing plant
were more susceptible to OPEs exposure than the reference population.
Workshop staff had higher levels of OPEs exposure relative to techni-
cians or civilian staff, mainly due to they were directly involved with
the production of OPEs-treated products, whereas the task of techni-
cians was to provide instructions for the workshop staff, inspection of
the quality of the products and responsible for the research and de-
velopment of producing process and products, civilian staff was only
work in the office. Moreover, they are more frequently and have longer
periods of time exposed to OPEs heavily polluted areas such as work-
shops and warehouses. Field observations validated that workshop
staffs’ main tasks including raw materials weighting and adding, pro-
duct preparation (i.e., stirring the mixture of raw materials and testing
the properties of products), handling and finishing which have more
opportunities for directly contacting with OPEs or OPEs treated pro-
ducts. It is noteworthy that workers in our studied manufacturer were
wearing no respirators or gloves. Direct contact with OPE retarded
materials is expected to be a crucial pathway of exposure.

We computed the CR and HQs by multiplying internal exposure
TDIs with the SFOs and comparing TDIs with RfDs, respectively (Fig.
S4). CR for all workers was larger than 1 × 10−6 and HQs were larger
than 0.30 in 43% workers, suggesting potential cancer risk and health
hazards on workers from OPEs exposure. It is worth emphasizing that
CR for one technician (8.5 × 10−4) was larger than 1 × 10−4, and his
HQ from TCEP (6.1) exposure was much higher than 1, implying a high-
potential cancer risk and serious health hazard. Moreover, CR values
were larger than 1 × 10−6 in 38% reference population, which should
be also a matter of concern.

Meanwhile, on the basis of estimated chronic daily intake (CDIs) via

Table 3
Estimated daily intakes (EDIs, ng/kg bw/day) to organophosphate esters (OPEs) calculated based on SG-normalized urinary mOPEs for workers and reference
population.

Compound Workers in construction materials facility Reference population

P5 mean median GM P95 range P5 mean median GM P95 range

TCEP 142 4655 1350 1214 19,085 21–42,345 3.7 40 15 18 134 2.5–277
TCPP 2.6 166 119 60 505 2.5–595 0.64 4.8 2.4 2.6 15 0.36–24
TDCIPP 6.6 23 14 17 63 5.3–69 1.9 13 7.7 8.3 40 1.4–46
TPhP 1.2 2.8 2.9 2.4 5.2 1.2–7.0 1.9 9.0 5.4 5.8 27 1.3–50
TnBP 38 99 84 83 174 11–194 14 126 45 63 499 12–665
TBEP 1.1 24 7.8 8.3 88 0.84–107 3.0 49 14 16 187 2.8–504
TEHP 6.9 31 26 23 68 6.9–76 3.0 15 12 11 32 2.2–50
EHDPP 1.1 2.5 2.6 2.2 4.6 1.1–6.3 1.7 8.1 4.9 5.2 24 1.2–45
ΣOPEs 280 5004 1688 1807 19,373 237–42,784 51 265 154 169 766 40–1058

P5 and P95 represent the 5th and 95th percentile respectively. GM is the geometric mean.
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ingestion dust at average and high dust ingestion exposure scenarios
and dermal contact, we assessed the carcinogenic risk (CR) and non-
carcinogenic risk (HQ/HI) for occupational workers and reference po-
pulation (Fig. S4). The CR of four potential carcinogenic OPEs for
workers in the construction manufacturing plant was excessed
1 × 10−6, suggesting potential cancer risk via dust ingestion and
dermal contact exposure. Expectedly, TCEP is the major CR contributor.
Whereas the CRs for reference population were lower than 1 × 10−6,
implying cancer risk from OPEs was insignificant. All calculated HQs
and HIs of OPEs for occupational workers and reference population
were lower than 1, the non-carcinogenic risk from OPEs via the dust
route was negligible.

4. Conclusions

In summary, this is the first insight into the emissions and occupa-
tional exposures of OPEs during the production of OPE-treated con-
struction materials. We reported the highest concentrations of TCEP in
dust from the plant as well as its corresponding metabolite BCEP in
urine from workers, which have raised increasing concerns due to its
carcinogenicity (Ingerowski et al., 2001; Zhang et al., 2018b). TCEP
and TCPP were the predominant compounds in all dust samples from
the plant and control site. Workers who directly involved in the pro-
duction of OPEs treated products had higher OPE exposure. OPE ex-
posure assessment based on urinary mOPEs suggests OPEs (especially
TCEP) pose medium to high potential cancer risks and health hazards
on workers. Our findings call for improvement of occupational ex-
posure prevention for OPEs in the ongoing industry of OPE-related
products manufacturing or processing.
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