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Abstract
Investigating the organophosphate �ame retardants (OPFRs) concentration and attenuation in multiple
water of Beijing would provide valuable insight into OPFR management and reduction, thus, 6 OPFRs
were determined by solid phase extraction-high performance liquid chromatography-tandem mass
spectrometry to explore the pollution characteristics, and ecological risk of OPFRs. The results showed
that 5 OPFRs were detected with a concentration ranging from ND to 394.77 ng/L except for tris(2,3-
dibromopropyl) phosphate (PDBP). The chloroalkyl phosphate was the main compound and
tris(chloropropyl) phosphate (TCPP) was the most abundant OPFRs with the highest concentration. The
concentration of OPFRs in surface water was higher than that in groundwater, and the concentration of
chlorinated OPFRs in e�uent from sewage treatment plants (STPs) was higher than that in in�uent.
Ecological risk assessment showed that low risk of OPFRs for the organisms (algae, crustacean and
�sh).

1. Introduction
Organophosphate �ame retardants (OPFRs) were widely used in plastics, textiles, electronic equipment,
furniture, as well as construction (Stevens et al., 2006). Especially in industrial process, OPFRs are usually
applied as antifoaming agents, and as �ame retardants or plasticizers in consumer goods (Van der Veen
and de Boer, 2012; Wei et al., 2015). OPFRs are generally classi�ed into alkyl-OPFRs, aryl-OPFRs,
chlorinated OPFRs, bromine OPFRs and other organophosphate esters. Because of the ban and
restriction of partial bromine �ame retardants in Stockholm Convention and RoHS of the European Union,
chlorinated OPFRs such as tris(chloropropyl) phosphate (TCPP), tris(2-chloroethyl) phosphate (TCEP)
and tris(dichloropropyl) phosphate (TDCPP) are widely used all over the world. Triphenyl phosphate
(TPP) are widely used for computer screens and TV sets, and tis(2-butoxyethyl) phosphate (TBEP) is for
�oor polishes (Marklund et al., 2003).

Research shows the roles played by OPFRs are through physical mixture but not the chemical bond
(Kemmlein et al., 2003; Kim and Kannan, 2018), thus the OPFRs may easily diffused into the environment
through volatilization, abrasion and dissolution (Pang et al., 2016; Reemtsma et al., 2008). OPFRs may
release from furniture, plastics, vehicle or industrial process into air, then a�ux into surface water through
wet deposition. OPFRs may directly discharged into municipal drainage network, and let it into surface
water followed by STPs treatment. Several researches had shown that the ratio for mass loadings of TPP,
TCPP, TDCPP and tri-n-butyl phosphate (TNBP) in STPs in�uent to the production was about 1.3–2.8%
(Kim et al., 2017; Marklund et al., 2005; Schreder and La Guardia, 2014). As we surveyed and reported in
other studies (Kim, et al., 2017), OPFRs cannot be treated in STPs and would �nally transport into the
potable water. Researches had reported the occurrence and distribution of OPFRs in air, water and STPs.
The emission rate of OPFRs from building materials and electronic equipment could be up to 339
µg/m2/h (Takigami et al., 2009). Möller et al. (2012) detected OPFRs in the atmosphere of the Arctic and
Antarctic, demonstrating for the �rst time the long-range migration capability of OPFRs worldwide. A
survey of the water quality of sewage treatment plants (STPs) in European countries showed that TCPP
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and TCEP could be detected in the e�uent of most STPs at a concentration of several hundred ng/L
(Loos et al., 2013).

The high population density in cities has led to massive usage and discharge of OPFRs, making them
widely disseminated in aquatic environments, such as drinking water, surface water, groundwater and
municipal STPs (Reemtsma, et al., 2008; Shi et al., 2016). Studies have found that OPFRs exposed to the
aquatic environments can enter the human body through food contamination, bioaccumulation, direct
contact or ingestion, resulting in their detection in human hair, nails, urine and breast milk (Sundkvist et
al., 2010; Liu et al., 2015; Zhang et al., 2016; He et al., 2018). Therefore, OPFRs pose a potential threat to
human health and water environmental safety. As the capital of China, Beijing is the center of national
political, economic, and cultural development, with a population of 21.73 million, and the population
density (1324 people/km2) ranks second among all cities (Ma et al., 2017a), thus it is conceivable that
OPFRs would be used and consumed in signi�cant quantities in this city (Shi et al., 2016). However, the
current research on the occurrence and risk of OPFRs is still limited, especially lacking of comprehensive
data on OPFRs exposure in different water bodies of high population density cities, such as Beijing.

Based above, we studied the distribution of six kinds of �ame retardants such as TPP, tricresyl phosphate
(TCP), TCPP, TCEP, TDCPP and tris(2,3-dibromopropyl) phosphate (TDBP) in typical urban water (surface
river, underground water, sewage treatment plants (STPs)) of Beijing, China. Finally, environmental risk of
OPFRs in water was evaluated to explore the impact of these chemicals on aquatic organisms. These
results will help to understand the pollution levels and environmental risks of OPFRs in typical urban
water bodies of modern metropolis, and provide data support for the establishment of OPFRs regulatory
standards.

2. Materials And Methods

2.1 Sampling sites
Seven sampling sites (W1 ~ W7, according to the direction of water �ow: Shahe �oodgate/Mafang
bridge/Xisishang village /Wenyu bridge/Yigezhuang bridge/Wenyu river Bridge/Beiguan �oodgate) of
surface water in the Wenyu River, �ve sampling sites (G1 ~ G5; especially G3 is a multi-stage monitoring
well with depths of 6.79m, 11.64m and 22.53m, and the corresponding sampling points are G3H, G3M
and G3L respectively) of groundwater in Shunyi District, three STPs (M, H and C) from Miyun District,
Haidian District and Chaoyang District including in�uents (M1, H1 and C1), e�uents of secondary
sedimentation (M2 and H2) and e�uents (M3, H3 and C2) in Haidian District were collected to investigate
the OPFRs pollution in triplicate on winter, 2018. The detailed information of Wenyu River, groundwater
and STPS were provided in Fig. 1 and Table S1, S2. The water samples were saved in the brown glass
bottle at 4°C before laboratory analysis, which were treated within 24 h after being transported to the
laboratory.

2.2 Instruments and Quanti�cation
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For the LC separation, UHPLC Dionex Ultimate 3000 (Thermo Scienti�c, San Jose, USA) equipped with
cooling auto-sampler, column oven and UV detector were utilized. An ACQUITY UPLC BEH C18 Column
(2.1 mm⋅50 mm, 1.7 µm) was employed and the column temperature was set at 35°C.

For the MS separation, the Q-Orbitrap mass spectrometer (Thermo Scienti�c, San Jose, USA) was
equipped with a heat electrospray ionization (HESI) and operated in the full scan mode. The sheath gas,
auxiliary gas and sweep gas was at a �ow rate of 45, 15 and 0 (arbitrary units), respectively. The spray
voltage was set at + 3.00 kV. The capillary temperature and auxiliary gas heater temperature were
maintained at 375°C and 300°C, respectively. The S-lens RF level was set at 50 V. Nitrogen was used for
spray stabilization and as the damping gas in the C-trap. control (AGC) target (the number of ions to �ll C-
Trap) was set at 1.0e6 with a maximum injection time (IT) of 100 ms. The full MS scan ranges were set
from 100 to 760 m/z with a resolution of 70,000. In MS2 mode, samples were analyzed at 30 NCE
(normalized collisional energy). All data collected in pro�le mode were acquired and processed by
Thermo Xcalibur 3.0 software (Thermo Scienti�c, San Jose, USA).

Quanti�cation using external standard was the approach to determine the concentration of OPFRs. The
calibration curves for the OPs detection exhibited good linear relationship (R2 > 0.99). The limit of
quanti�cation (LOQ) calculated with a signal/noise ratio of 10 was 0.08 ~ 0.14 ng/L.

2.3 Sample preparation
Method used to extract of OPFRs were followed the procedure by (Zhong et al., 2017) with small
modi�cation. After sample collection, urban water (1 L for each sample) was �ltered through 0.45 µm
pore size glass micro�ber �lters, and extracted using solid phase extraction by gravity with HLB
(hydrophilic-lipophilic balance) columns (6 cm3, 200 mg). Before use, all the columns were conditioned
by adding 6 mL of ethyl acetate and 6 mL of methanol. Then, the columns were drained and eluted with
10 mL of ethyl acetate. The extracts adjusted to 1 mL with methanol (nitrogen blow down).

2.4 Statistical analysis
The statistical signi�cance of differences was evaluated by AVOVA, which was considered signi�cant at
p < 0.05. The correlation analysis of OPFRs and environmental factors were carried out using SPSS 20.0
and Canoco 4.5 software.

2.5 Ecological risk characterization
The risk of OPEs for aquatic organisms was evaluated by the determination of risk quotient (RQ) values,
as described by the previous reports (Yadav et al., 2018). RQ value of each compound in water was
calculated using the following formula:

RQ = MEC/PNEC
Where the MEC is the actual measured environmental concentration, PNEC is the no effect concentration,
usually obtained by dividing the acute and chronic toxicity data (half lethal concentration LC50, half
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effect concentration EC50, etc.) by the assessment factor (AF). When RQ < 0.1, the risk is low or negligible;
when 0.1 < RQ < 1.0, there is a medium risk; and when RQ > 1.0, it is considered to have a high risk.

3. Results And Discussion

3.1 Occurrence of OPFRs in urban surface water and
groundwater
Six kinds of OPFRs was detected at seven sites in Wenyu river, as well as �ve sites for underground water
(Fig. 2). The detection frequencies of three OPFRs (i.e. TPP, TCPP, TCEP) were 100%, while those of TDBP,
TDCPP and TCP were 0%, 28.57% and 35.71%, respectively. Notably, TDBP was not detected in all of
samples, which may be related with its high logkow (4.29) and the substitutes of the new �ame retardants
(Table S2). The total concentration of �ve OPFRs in surface water of Wenyu river varied between 261.13 
~ 581.69 (mean: 374.05) ng/L, which was comparable to those of 14 OPFRs (37.20 ~ 510 ng/L) in river
water located in New York state with high population (Kim and Kannan, 2018), but apparently higher than
those in lake water from less populated cities of Germany (Regnery and Puttmann, 2010). This
phenomenon re�ects that frequent human activities in densely populated cities have important
contribution to OPERs pollution of surface water. In contrast, the total concentrations of �ve OPFRs in
underground water varied between 16.68 ~ 58.29 (mean: 39.27) ng/L, which was signi�cantly lower than
that in surface water (P < 0.05).

Similar to other researches (Kim and Kannan, 2018), TCPP was the predominate OPFRs with a
concentration of 203.70 ~ 394.77 (mean-value: 262) ng/L in river and 12.02 ~ 52.43 (mean-value: 28)
ng/L in underground water, followed by TCEP. Studies have con�rmed that TCPP and TCEP appear to be
the most ubiquitous in water and air (Reemtsma et al., 2008). The concentration-percent composition of
these two OPFRs ([TCPP]+[TCEP]) accounted for 86.62 ~ 99.48% in river and 76.13 ~ 98.54% in
underground water of the total, with an average of 91.65% and 86.50%, respectively, partly because their
high solubility (TCPP: 1600; TCEP: 7000 mg/L) in water and the widely applications (Table S2) in Beijing.
This result was consistent with the investigation by Shi (Shi et al., 2016) in which TCPP and TCEP were
the most abundant compounds in Beijing surface water in 2013–2014, with average concentration of
291 ng/L and 219 ng/L, respectively.

The concentration of all chlorinated OPFRs (i.e. TCPP, TCEP and TDCPP) were signi�cantly higher than
aryl-OPFRs (i.e. TPP and TCP) (P < 0.05), mostly because that the chlorinated OPFRs are considered as
very persistent and were not degraded during wastewater treatment (Marklund et al., 2005). There shows
different characteristics of the fate of aryl and chlorinated OPFRs in surface water and underground
water (Fig. 2). For the former, the concentration was equal or a little higher in the underground water.
However, the concentration of chlorinated OPFRs was much higher in surface water than those in
underground water. That may because the aryl-OPFRs have a higher logkow (Table S2) thus was trapped
in the soil. In addition, the OPFRs concentration at different sampling points, especially TCPP, has
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obvious spatial difference, but has no obvious regularity along the water �ow direction (Fig. 2). What we
would like to emphasize is that the trace amounts of OPFRs in groundwater also had a potential threat to
aquatic life and human health, which should be further addressed. Notably, the sampling time of this
study was in winter, and the average temperature is usually 20 ~ 25℃ lower than summer, Regnery and
Püttmann (2009) found that the proportions of OPFRs in condensate and internal vehicle air reveal an
increase as the temperature goes up. Therefore, it is foreseeable that the emissions of ORFPs, especially
the more volatile ORFPs (TCPP and TCEP etc.), from vehicles and buildings will be higher in summer than
in winter, which means that there is still a more serious risk of OPFRs exposure in Beijing’s surface water
and groundwater.

3.2 Occurrence and removal e�ciency of OPFRs in STPs

3.2.1 Occurrence OPFRs in STPs
We detected the distribution of OPFRs in the in�uent and e�uent water in STPs (Fig. 3a). The total
concentration of OPFRs in STPs ranges from 57.09 ~ 535.09 (mean: 296.91) ng/L, which are lower than
that in surface water and higher than that in groundwater. Undoubtedly, in densely populated cities,
domestic sewage is the main source of OPFRs, which is directly related to human health (Kim et al.,
2017), and the concentration of OPFRS in the downstream of STPs has increased signi�cantly (Andresen
et al., 2004).

In our study, the content of STPs in�uent may re�ect the relative degree of the application of different
OPFRs. For the in�uent of the STP in Miyun District, the concentration of TCPP was highest with a
concentration between 40.94 ~ 216.01 ng/L, which was persistence with the concentration in surface
water. TCPP was the most abundant OPFRs in research of Martínez-Carballo et al. (Martínez-Carballo et
al., 2007). The secondary predominant compound was TCEP (15.50 ~ 39.10 ng/L), followed by TDCPP
(ND ~ 24.80 ng/L). The distribution of OPFRs in the distribution was persistence with the surface water. In
the research of Kim et al. (2017), TBOEP was the predominant compound in the in�uent of a STP in
Albany area of New York State followed by TCPP with a concentration of 5120 ng/L, much higher than
this study as well as TDCPP (1720 ng/L) and TCEP (1430 ng/L). Interestingly, there shows a higher
content of TCPP in Miyun STP which may be related with the contribution of industry. According to the
“13th Five–Year Plan” (2015 ~ 2020), general manufacturing should be evacuated from the six core
districts including Chaoyang and Haidian. Besides, the leaching from the plastic �lms used for agriculture
(Cho et al., 1996) may be one of the reasons causing the increase of TCP in Miyun.

3.2.2 Removal e�ciency of OPFRs in STPs
Generally speaking, the concentration of most pollutants in the in�uent of STPs can be reduced, but not
all pollutants were always satisfactorily removed (Liang et al., 2016; Pang et al., 2016b). There showed
different treatment rate in STPs as sees in Fig. 3b. As the concentration of some OPFRs in the in�uents
were none detected, the removal rate was not re�ected in the �gure. What shocked us was that the
removal e�ciency of OPFRs in STPs was even more unsatisfactory, or even negative, with a total removal
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rate of -856.67%~55.15% (Table S3). For TCPP, the major pollution factors in STPs, its total removal
e�ciency was from − 398.23% to -35.83% in municipal STPs. The treatment rate of STPs for OPFRs may
related with the physical chemistry properties and in�uent concentration of different OPFRs, or technique
of STPs, such as retention times. It showed that linear alkyl OPFRs are easier to be degraded than
branched compounds, and chlorinated OPFRs are more persistent than non-chlorinated ones (Liang and
Liu, 2016; Reemtsma, et al., 2008). The removal rate of TBEP was reported to be 85.10%~88.40% (Pang
et al., 2016). In this study, the treatment rates of all the chlorinated OPFRs were negative, showing strong
resistance to biotransformation. There was a remarkable growth in e�uent for TCPP, TCEP and TDCPP,
which was similar with the STPs studied by other scientists (Marklund et al., 2005; Meyer and Bester,
2004; Shi et al., 2016). Merely 0.30% of TCEP and 4.00% of TCPP was removed in Pang’s studies (Pang et
al., 2016), however, TPP could be removed with a rate of about 80% in the same STP.

The worst removal capabilities were found at the STP in Chaoyang District, which applied the cyclic
activated sludge technology (CAST) (STP in Chaoyang District). The reason may be that the large
quantity recycling of activated sludge with high mass �ow of OPFRs from the return sludge and internal
recirculation sludge, the chlorinated OPFRs are easily absorbed by the biological particles and the coarse
particles (Liang and Liu, 2016), and the sludge is re�uxed in the primary sedimentation tank or the
secondary sedimentation tank, thereby causing an analytical effect to increase the concentration of
OPFRs in the e�uent. Therefore, the STPs are unsuitable to handle the chlorinated OPFRs. However,
compared with CAST and A2/O (STP in Miyun District), A/O MBR technology may be more effective for
the removal of OPFRs, which showed the high removal e�ciencies for TCP.

However, researches showed that the sorption of OPRFs to sludge happened to some extends. In Bester’s
(Bester, 2005) study, the average concentration of TCPP in sludge from 20 German STPs was 5000 ng/g.
In one wastewater treatment plant sludges from the Pearl River Delta, the concentration of OPRFs in
sewage sludge was 96.70 ~ 1312.90 ng/g (Zeng et al., 2014). TCEP had a removal rate of about 20% in
Reemtsma’s (Reemtsma et al., 2006) STPs. Unlike Meyer and Bester’s survey (Meyer and Bester, 2004),
the treatment rate was rather lower in this paper, which may because the process of STPs have little
effect for low concentration of TPP. In general, the anaerobic-anoxic-oxic process exhibited higher
removal rate than the anoxic–oxic process for TCEP and TCPP. Pang’s (Pang et al., 2016) research further
showed activated sludge adsorption was the major process for TCPP removed in the anoxic–oxic press.

The STPs had a certain treatment effect on the alkyl OPFRs, and the e�uent concentration of TPP was
lower than the in�uent (Table S3). Some articles had showed that the occurrence and distribution were
persistence with the density of population (Shi et al., 2016), and higher concentrations of OPFRs were
often found in metropolitan areas (Kim and Kannan, 2018).

3.3 Ecological risk assessment
The continuous inputs and potential toxicity of OPFRs have drawn an increasing concern on their effects
towards the ecosystem. In this study, the risk assessment to aquatic organisms was estimated for the
most frequently detected OPFRs, including TPP, TCP, TCPP, TCEP and TDCPP in the multiple urban water
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bodies of Beijing. Acute median effective concentrations (LC50 or EC50) of 5 OPFRs for different aquatic
organisms (algae, �sh and crustacean) were obtained according to the Environmental Risk Limits report
for organophosphorus �ame retardants (Verbruggen et al., 2006). As shown in Table 1, low (RQ < 0.1) risk
of 5 OPFRs was observed for three organisms in urban water from Beijing. In addition, the risks of the �ve
OPFRs in multiple urban water bodies were different. The RQ values of TCPP and TDCPP in Wenyu River
and the three STPs are relatively higher than in groundwater (Table S1), indicating that the TCPP and
TDCPP in surface water and domestic wastewater in Beijing may be the main contributors to potential
aquatic ecological risks.

Previous reports had con�rmed that OPFRs (such as TPP, TCP, TCEP, etc.) can exist and accumulate in
organisms (Guo et al., 2017; Kim et al., 2011; Van et al., 2012), even TCPP (LogKow=2.59; Table S2) with a
low octanol-water partition coe�cient (Reemtsma et al., 2008). TPP has less impact on human health but
is more toxic to aquatic ecosystems (McPherson et al., 2004). For the chronic toxicity an estimated NOEC
of TPP for daphnia and �sh were 0.1 mg/L and 0.0014 mg/L, respectively, which levels were highly
regarded by the US-EPA (2007). Since the highest concentration detected for TPP in multiple urban water
was 2.42 ng/L,and its MEC/PNEC ratio were 2.40⋅10− 5 (daphnia) and 0.60⋅10− 2 (�sh), which means no
chronic adverse effects are expected. However, it cannot be ignored that the degradation e�ciency of
these OPFRs in organisms is generally low, chronic toxicity will still occur under long-term accumulation,
which ultimately endanger ecological health (Wei et al., 2015; Van et al., 2016). Therefore, it is necessary
to further investigate the occurrence characteristics of OPFRs in aquatic environment and its
bioaccumulation and bio-ampli�cation in biota for a more comprehensive risk assessment.
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Table 1
RQs for the aquatic organisms as calculated from MECs and PNECs

Analytes Organisms L(E)C50
a

(mg/L)

AF PNEC

(ng/L)

MEC (ng/L) RQs

Min Max Min Max

TCEP Algae
(Scenedesmus
subspicatus)

51.0 1000 51000 3.30 169.37 6.46E-
05

3.32E-
03

Crustacean
(Daphnia magna)

330.0 1000 330000 9.98E-
06

5.13E-
04

Fish (Carassius
auratus)

90.0 1000 90000 3.66E-
05

1.88E-
03

TCPP Algae
(Scenedesmus
subspicatus)

45.0 1000 45000 12.02 394.77 2.67E-
04

8.77E-
03

Crustacean
(Daphnia magna)

91.0 1000 91000 1.32E-
04

4.34E-
03

Fish (Carassius
auratus)

30.0 1000 30000 4.01E-
04

1.32E-
02

TDCPP Algae
(Scenedesmus
subspicatus)

39.0 1000 39000 ND 76.85 / 1.97E-
03

Crustacean
(Daphnia magna)

4.20 1000 4200 / 1.83E-
02

Fish (Carassius
auratus)

5.10 1000 5100 / 1.51E-
02

TCP Algae
(Scenedesmus
subspicatus)

0.29 1000 290 ND 0.46 / 1.57E-
03

Crustacean
(Daphnia magna)

0.27 1000 270 / 1.69E-
03

Fish (Carassius
auratus)

0.11 1000 110 / 4.15E-
03

TPP Algae
(Scenedesmus
subspicatus)

0.50 1000 500 0.52 2.42 1.03E-
03

4.83E-
03

Crustacean
(Daphnia magna)

1.00 1000 1000 5.17E-
04

2.42E-
03

Fish (Carassius
auratus)

0.70 1000 700 7.39E-
04

3.45E-
03

a Acute toxicity (LC50 or EC50) data were obtained according to Verbruggen et al. (2006).
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L(E)C50: lowest median effective concentration value obtained from existing studies.

AF: the evaluation factor.

PNEC: the predicted no-effect concentration of organophosphate �ame retardants (OPFRs).

MEC: the measured environmental concentration of OPFRs.

RQ: the environmental risk quotient of OPFRs.

4. Conclusion
In the present study, the occurrence and distribution of 6 OPFRs in urban multiple water of Beijing, China
were explored. Five OPFRs were detected in the urban water samples, and TCPP were the most abundant
compounds followed by TCEP and TDCPP. The order of concentration of OPFRs from high to low is:
surface water, the e�uent and in�uent of STP and underground water. The levels of chlorinated OPFRs in
urban surface water in Beijing were higher than or similar to those detected in most of other sites in
literature. Risk assessment based on acute toxicity data suggested the low risk of OPFRs to three aquatic
organisms (algae, crustacean and �sh). However, taking into account the high levels of OPFRs in surface
water and STPs in Beijing, long-term exposure of the human body and bioaccumulation of these
contaminants in aquatic environment should be further explored.
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Figure 1

Sampling locations of surface water, groundwater and sewage treatment plants (STPs) samples in urban
Beijing, China. Note: The designations employed and the presentation of the material on this map do not
imply the expression of any opinion whatsoever on the part of Research Square concerning the legal
status of any country, territory, city or area or of its authorities, or concerning the delimitation of its
frontiers or boundaries. This map has been provided by the authors.
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Figure 2

Concentration of OPFRs in surface water and groundwater.
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Figure 3

(a) Concentration of OPFRs in three STPs. (b) Removal rate of OPFRs in three STPs.
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