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A B S T R A C T   

Organophosphate flame retardants (OPFRs) in both of water and sludge phase of influent and effluent of the STP 
were investigated in Beijing of China in five seasons. Total OPFRs concentrations in water phase of influent in 
five seasons were between 600 and 838 ng/L, where total OPFRs concentration was the lowest in summer of 
2018. In water phase of influent and effluent, two chlorinated OPFRs (TCEP and TCPP) were major. Alkyl OPFRs 
decreased the most in water phase from influent to effluent. In sludge phase, the OPFRs amounts in winter were 
the lowest. The main OPFRs in sludge phase were TEHP and EHDP, which can be explained by the two OPFRs 
properties (log Kow and log Koc). Higher the values of the log Kow and log Koc of OPFRs, more amounts in sludge 
phase. The mass flow of OPFRs in influent were analysed by Principal Component Analysis (PCA), indicating that 
the influent amounts of TCEP, TDCP, TCPP and DCP were main OPFRs in four seasons to influence the char-
acteristics of influent. Compared to OPFRs reduction in some STPs in other countries, alkyl and aryl OPFRs 
reduction rates were higher than chlorinated OPFRs. TBEP, TEHP and TPHP can always be effectively removed in 
different seasons and different STPs. The analysis methods of Pearson correlation and linear correlation were 
processed to check the possible factors affecting OPFRs reduction in STP. OPFRs reduction was related to some 
STP working parameters. Significant correlation also was found between OPFRs properties and reduction.   

1. Introduction 

With the improvement of international and domestic safety stan-
dards, the market trend of flame retardant production and marketing has 
been rising continuously (Ceresana Research, 2011; Flame retardants, 
2017). Brominated flame retardants have been banned worldwide 
owing to its environmental persistence, bioaccumulation and health 
harms (de Wit et al., 2002; EPA, 2012; Stieger et al., 2014; Kim et al., 
2014; Lyche et al., 2015). Organophosphate flame retardants (OPFRs), 
as an alternative flame retardant with plasticizing function, have been 
widely used in production and life, including furniture, textiles, con-
struction and other products (WHO, 1998; Reemtsma et al., 2008; 
Kajiwara et al., 2011; Keimowitz et al., 2016; Persson et al., 2018). It is 
reported that organophosphate flame retardants usage has increased 
rapidly in recent years (Reportstack, 2017; GR, 2019; Van den Eede 
et al., 2011). Then the pollution of OPFRs increases inevitably. OPFRs 
toxicities, such as neurotoxicity, reproductive genotoxicity, have been 

proved already were elaborated in many studies (Du et al., 2019; Mcgee, 
2012; Wei et al., 2015). OPFRs are detected in human and other or-
ganism bodies having harms of health (He et al., 2018a, 2018b; 
Reemtsma et al., 2011; Sun et al., 2016). 

OPFRs can diffuse in all kinds of water environment that directly or 
indirectly touches the human (Fairbairn et al., 2018; Rodil et al., 2012; 
Reemtsma et al., 2008) and come into contact with the human body 
through various ways (Phillips et al., 2018; He et al., 2018a,b; Kim et al., 
2019). The relevance of the OPFRs pollution for the effluent from 
sewage treatment plants (STPs) as well as the natural water was 
demonstrated (Reemtsma et al., 2006; Meyer et al., 2004; Cristale et al., 
2016). The significance of the STPs is evaluated for the pollution of the 
water environment. The key to STPs is to clean wastewater for pre-
venting from the risk of the harmful substances entering into the natural 
waters affecting the normal ecosystem and organisms health as much as 
possible (Marklund et al., 2005). An intense day-to-day variation has 
already been found to occur to the concentration of various OPFRs in the 
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influent of the STPs (Meyer et al., 2004) to further take action on the 
effluent and elimination of OPFRs. It is a special interest of different 
kinds and amounts of OPFRs usages due to people activities, life habits 
and environmental characteristics in society life of different seasons. 
However, as little is known on OPFRs occurrence and variation on 
seasons, there are so many ins and outs of OPFRs in STPs. It is worthy 
note that the how well OPFRs elimination variation on seasons is in 
STPs. And limited information about organophosphate flame retardant 
products amounts in China is unavailable. In this work, our research will 
be helpful to have a glimpse of organophosphate flame retardant usages 
in market of China on seasons. To my best knowledge, few studies have 
been conducted on the effect of operation conditions of one STP on the 
elimination of OPFRs. Most of them are just presenting the elimination 
results, and seldom analyze the impact of operating conditions on them. 

In this research, we aimed to study the seasonal variation of OPFRs 
concentration in water and sludge phase of the influent and effluent (i) 
and the elimination of OPFRs in the STP in different seasons (ii). We also 
try to find out what factors can have function on OPFRs reduction, the 
operation conditions of STPs or OPFRs properties? (iii) And if it can be 
proved that the OPFRs concentration in the influent has relationship 
with organophosphate flame retardant usages in society life (iiii). 

2. Material and methods 

2.1. Chemicals and reagents 

All HPLC pure-grade reagents, including methanol, dichloro-
methane, n-hexane, acetone as well as surrogate and internal standard 
TCEP-d12, TDCP-d12 and TPHP-d15 were from Toronto Chemical 
Technology Co., Ltd. (TRC, Canada) and TnBP-d27 from Cambridge 
Isotope Corporation (CIL, USA). The studied OPFRs standards were 
purchased from J&K Scientific Ltd. (China) and all of HPLC pure-grade. 
The detected OPFRs properties were listed in Table 1. Oasis-HLB solid 
phase extraction column (500 mg, 6 mL) were from Waters (USA). 
Supelclean LC-18 solid phase extraction column (500 mg, 6 mL were 
from Sigma (USA) and Bond Elut-NH2 solid phase extraction column 
(1g, 6 mL) from Agilent (USA). 

2.3. Sample collection 

Samples were taken in the STP in five sampling periods of spring, 
autumn, winter of 2017 and spring, summer of 2018 in Beijing of China. 
The STP included the primary physical and secondary biological treat-
ment. In the STP, the influent sewage flowed into the thin-case-bar, then 
entered the aerated grit chamber, and finally settled in the primary 
sedimentation tank of the primary physical treatment processes. The 
secondary biological treatment is mainly composed of activated sludge 
system and secondary sedimentation tank. The operation parameters of 
the STP related to this research, including the processing volume, tem-
perature of the sewage (T), solid suspend of the influent (SS), dissolved 
oxygen in biological bank (DO) and activated sludge concentration 
(MLSS) in five seasons, were listed in Table S1. Taking the uniformity of 
sampling into account, one day mixed influent and effluent sewage of the 
STP was collected for every 4h one sampling campaigns. All samples 
consisted the aqueous and sludge phase, which were collected in brown 
glass bottles, then taken to the laboratory and stored at − 20 ◦C until 
analysis. 

2.4. Sample pre-treatment and analysis 

Water phase: The collected samples were filtered through the 1.2 μm 
glass fiber filters for the water samples. Two types of solid phase col-
umns, Oasis-HLB solid phase extraction column and Supelclean LC-18 
solid phase extraction column, were chose to enrich the target com-
pounds in water phase samples (Li et al., 2019). The water samples after 
adding internal standards were percolated through the Oasis-HLB and 
Supelclean LC-18 solid phase columns activated by HPLC-grade 
dichloromethane, methanol and water successively. Next the solid 
phase extraction columns were rinsed by dichloromethane to concen-
trate the samples. Afterwards the concentration was dried to remove the 
residual water and then subjected to the Bond Elut-NH2 solid phase 
extraction column for cleanup. The extracts were rinsed from the Bond 
Elut-NH2 solid phase extraction columns with 
dichloromethane/n-hexane to eliminate disruptors. At last, the target 
compounds after cleanup were concentrated as dichloromethane eluted 
Bond Elut-NH2 solid phase extraction columns. Then the analytes were 
concentrated to near dry by highly pure N2 and re-dissolve in 1 mL 
methanol for detection. 

Table 1 
Information of the detected OPEs.  

Compound name Abbreviation Smiles Chemical 
formula 

Molecular 
weight 

Log 
Kow

a 
Sw

b (mg/L, 
25 ◦C) 

Log 
Koc

c 
Log 
BCFd 

Tris(2-chloroethyl) 
phosphate 

TCEP CCCCOP(=O)(OCCCC)OCCCC C6H12Cl3O4P 285.49 1.44 877.9 2.478 − 3.71 

Tris(1-chloro-2-propyl) 
phosphate 

TCPP CCCCOCCOP(=O)(OCCOCCCC) 
OCCOCCCC 

C9H18Cl3O4P 327.57 2.21 51.85 3.107 0.514 

Tri(1,3-dichloro-2-propyl) 
phosphate 

TDCP CCCCC(CC)COP(=O)(OCC(CC)CCCC) 
OCC(CC)CCCC 

C9H15Cl6O4P 430.90 2.35 1.501 3.965 1.331 

Tributyl phosphate TBP C(CCl)OP(=O)(OCCCl)OCCCl C12H27O4P 266.31 4.00 7.355 3.276 1.600 
Tris(2-butoxyethyl) 

phosphate 
TBEP CC(CCl)OP(=O)(OC(C)CCl)OC(C)CCl C18H39O7P 398.47 3.75 1.963 5.669 1.408 

Triphenyl phosphate TPHP C(C(CCl)OP(=O)(OC(CCl)CCl)OC 
(CCl)CCl)Cl 

C18H15O4P 326.28 4.59 1.034 3.719 2.054 

Diphenyl p-tolyl phosphate DCP c1ccc(cc1)OP(=O)(Oc2ccccc2) 
Oc3ccccc3 

C19H17O4P 340.31 5.63 0.2337 3.929 2.561 

Tritolyl phosphate TCP Cc1ccc(cc1)OP(=O)(Oc2ccc(cc2)C) 
Oc3ccc(cc3)C 

C21H21O4P 368.36 5.11 0.01837 4.347 3.404 

2-Ethylhexyl diphenyl 
phosphate 

EHDP CCCCC(CC)COP(=O)(Oc1ccccc1) 
Oc2ccccc2 

C20H27O4P 362.41 6.64 0.06659 4.205 2.932 

Tris(2-ethylhexyl) 
phosphate 

TEHP Cc1ccc(cc1)OP(=O)(Oc2ccccc2) 
Oc3ccccc3 

C24H51O4P 434.63 9.49 1.461E-5 6.357 0.500  

a Octanol-water partition coefficient (Kow). 
b Solubility at 25 ◦C(Sw)；. 
c Normal distribution coefficient (Koc). 
d Bio-concentration factors (BCF). 
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Sludge phase: The samples were centrifuged at 4000 rpm/min. Then 
we took the underlying sludge with discarding the supernatant. The 
sludge phase samples were feeze-dried and ground fine for pre- 
treatment. Then the sludge samples were extracted using the acceler-
ated solvent extraction (ASE). The detailed ASE operation conditions 
can be read in our previous published paper (Li et al., 2019). The sludge 
phase samples were replaced by n-hexane by rotating evaporation and 
cleanup as that of water sample. 

The analytes were detected by high performance liquid chromatog-
raphy - mass spectrometry (HPLC-MS, Waters in USA). The Chromato-
graphic separation was achieved using a Waters BEH C18 column (100 
mm × 2.1 mm, 3.5 μm particle size, Water of USA) in positive electro-
spray ion source (ESI+). The solvent A being formic acid (0.1% in HPLC- 
grade water) and solvent B (HPLC-grade methanol) were supplied with 
the following: 60%–35% solvent A for 0–1min, 35% solvent A for 
1–2min, 35%–15% solvent A for 2–5.5 min, 15%-0 solvent A for 
5.5–10min, 0 solvent A for 10–15min, 0–60% solvent A for 15–15.1min, 
60% solvent A for 15.1–16min. The more operation condition and in-
formation can be seen in Table S2 and Fig. S1. For the quality assurance 
all of the experiments about spiked blanks, spiked matrix and detection 
limit of targets were performed in the research. More detailed and more 
information were in our previous paper (Li et al., 2019). 

2.5. Data evaluation/analysis method 

Principal Component Analysis (PCA) is a statistical procedure 
applied to data analysis. It uses the idea of dimensionality reduction and 
transforms multiple data into a few comprehensive indicators for the 
extraction of the main component of the data. PCA is the most conve-
nient method of all known multivariate analysis methods. It can be 
performed by using only the first few principal components. Data from 
the analysis of mass flow of the influent samples of STP was treated with 
the help of the software IBM SPSS statistics 25 (USA) for PCA. Pearson 
correlation coefficient is used to reflect the linear correlation of two 
variables. The correlation coefficient is expressed by r, which describes 
the level of linear correlation between two variables. The greater the 
absolute value of r, the stronger the correlation. The correlation between 
the reduction rates of OPFRs and influence factors were analysed 
through Pearson correlation coefficient using the software IBM SPSS 
statistics 25 (USA). 

3. Results and discussion 

3.1. Concentration of OPFRs in the influent and effluent 

Concentration of OPFRs in water phase in the influent and effluent 
were showed in Fig. 1. It can be found that except for the summer of 
2018, the concentration of OPFRs in the effluent of STP in other seasons 
is lower than those in the influent, which indicates that the STP has a 
reducing effect on OPFRs. The total OPFRs concentrations in water 
phase of the influent were at the same level of magnitude between 600 
and 838 ng/L, which in all seasons were below some developed coun-
tries (Spain: 3670 ng/L (Cristale et al., 2016); Swedish: 17000 ng/L 
(Marklund et al., 2005); Australia: 2000 ng/L (O’Brien et al., 2015)). 
OPFRs concentrations, owing to some usages such as laundry detergents 
and organic compounds in different countries, were likely to decrease or 
increase in the influent of STP (Marklund et al., 2005). In summer of 
2018, the total OPFRs concentration was found to be the lowest by 600 
ng/L, which may relate to the dilution of contaminants by more con-
sumption of supply water in summer. Mostly, the two kinds of chlori-
nated OPFRs (TCEP and TCPP) were the major OPFRs in water phase of 
the STP influent at 304–673 ng/L, where the concentration range of 
TCPP is 224–436 ng/L and the TCEP is 80–237 ng/L. The chlorinated 
OPFRs in the effluent had the same situation, especially TCEP in the 
effluent has higher concentration in summer. The total OPFRs amounts 
in the effluent varied from 453 to 782 ng/L, where alkyl OPFRs, 

including TBP, TBEP and TEHP, were found to be significantly reduced 
(Fig. S2). It is significant that TBEP concentrations in influent in winter 
of 2017 and spring of 2018 were higher by 308 and 72 ng/L than those in 
other seasons. The concentrations of aryl OPFRs in effluent ranged from 
2 to 15 ng/L, which are the smallest fraction. These OPFRs concentra-
tions data in the effluent will be valuable to indicate potentially 
important sources of OPFRs to the receiving river (Morace, J.L., 2012). 

Fig. 2 showed concentration of OPFRs in sludge phase of the influent. 
The little amount sludge phase in the effluent can be ignorable due to the 
very little concentration of solid suspend particulate matter. Total 
OPFRs concentration in sludge phase of the influent varied between 
1072 and 2129 ng/g dry weight (dw), where TEHP and EHDP were 
detected the highest by 140–841 ng/g (dw) and 248–659 ng/g (dw) 
respectively. Corresponding to the influent water (Fig. 1), the concen-
trations of TBEP in sludge phase in winter of 2017 and spring of 2018 
were also significantly higher (Fig. 2). Compared to spring of 2017, the 
OPFRs concentration in sludge of the influent dropped obviously in 
other seasons. Taken the concentration of OPFRs and SS into consider-
ation (Fig. 2 and Table 2), the OPFRs amounts in sludge phase of influent 
in winter were the lowest. Pang et al., (2013) found that the dissolved 
organic carbon had effect on the OPFRs concentration. It indicated that 
OPFRs with higher logKow values could have a higher adsorption 
capability to dissolved organic carbon. In different seasons, the 

Fig. 1. Concentration of OPEs in water phase of the influent and effluent.  

Fig. 2. Concentration of OPEs in sludge phase of the influent.  
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dissolved organic carbon in the influent must be discrepant inevitably, 
which may be an important reason of resulting the different sorption and 
distribution of OPFRs concentration in sludge phase. Log Kd (Kd =

Csludge/Cwater) of the OPFRs (Table 3 and Fig. S4) in our work was 
consistent with those of log Koc and log Kow, separately showing the 
absorption and solubility of OPFRs, explaining why the TEHP and EHDP 
in sludge phase are significantly higher than other OPFRs. According to 
those OPFRs properties, it is reasonable that more TEHP and EHDP were 
in sludge phase than in water phase (Fig. 2 and Fig. S4). Compared with 
log Koc and log Kow, log Kd were lower because of the unavailable 
amount of organic matters in the influent. 

3.2. OPFRs in the influent influenced by characteristics of human 
production and life 

The OPFRs mass flow data in the influent of the STP in four seasons 
during continuous experimental period including autumn and winter of 
2017, spring and summer of 2018 were shown in Table 4. Principal 
Component Analysis (PCA) was performed on the OPFRs influent data of 
STP in order to look for if there is some difference among one year’s 
consumption of things containing OPFRs. 

The results were shown in Fig. 3. The varimax rotation reduced all 
the variables to three principal components (PCs) with eigenvalues 
greater than 1, which represent 100% (PC1: 48.4% + PC2: 35.0% + PC3: 
16.6%) of the cumulative variances. It can be seen in Fig. 3a) and b) that 
the chlorinated OPFRs (TCEP, TDCP, and TCPP) and aryl OPFR (DCP) 
had higher positive loadings on PC1, whereas the alkyl OPFRs (TBEP) 
has negative loadings on PC1. On the PC1, the absolute values of TCPP, 
TDCP, TCEP, DCP and TBEP are larger, indicating that they are the main 
influence factors of OPFRs in influent of the STP, which revealed the 
conclusion that can not be directly obtained by the data of mass flux. 

PCA results shows four seasons about the influent OPFRs amount of 
STP can be distinguished easily on PC1 in Fig. 3 c). Autumn and summer 
have higher loading values on PC1, indicating the higher amounts of 
TCEP, TDCP, TCPP and DCP in these two seasons. On PC2 there is no 
significant difference during four seasons in Fig. 3 c). The OPFRs influent 
in STP in autumn and summer also can be clearly distinguished from 
EHDP amount on PC3 in Fig. 3 d). The OPFRs influent in four seasons is 
mainly different at TCEP, TDCP, TCPP and DCP, which indicated that 
consumption of OPFRs containing these four OPFRs in four seasons have 
some changes in life. 

The survey about 10 OPFRs applications in daily life in products are 
listed in Table S4 from many literatures. A great quantity of studies have 
demonstrated the application of OPFRs as organic compounds in human 
production and life. TDCP, TCPP and TCEP as flame retardants used in 
furniture foam of seating and bedding products (Harbison et al., 2015), 
e.g. chairs, pillows, couches (Stapleton et al., 2009; Stevens et al., 2006), 
wallpaper materials (Ni et al., 2007), industrial processes (Markland 
et al., 2004), applications for textiles, clothing, apparel and leather 
(WHO, 1998; EPA, 2012) and so on. DCP predominantly used in some 

products, including hydraulic fluids, PVC, food packaging, ABS 
pc-blends, pigment dispersants, engineering thermoplastics and so on 
(WHO, 1997). There are more TDCP, TCPP, DCP and TCEP entered 
domestic sewage in autumn and summer, which should be the more 
frequent human activities, e.g. washing clothes and industrial processes 
than in winter and spring. Ni et al. in their paper implied (Ni et al., 2007) 
that the use of materials containing OPFRs flame retardant was able to 
provide high emission chance in elevated-temperature indoor environ-
ments, which also indicated that OPFRs products may release more in 
autumn and summer with higher temperature. OPFRs influent in raw 
sewage in autumn and summer made difference at EHDP because of 
different usage. EHDP in daily life predominantly used in hydraulic 
fluids, food packing, PVC, peroxide carriers, pigment dispersants and so 
on (WHO, 1997; WHO, 2000; Gao et al., 2015). The OPFRs influent in 
summer have more absolute loading values on PC3 than that in autumn, 
indicating that in summer hydraulic fluids, PVC, food packing, pigment 
dispersants, peroxide carriers and so on containing EHDP were used 
more frequent or released more easily. TCP was mainly applied in cut-
ting oil, transmission fluids, hydraulic fluid and PVC (Veen et al., 2012; 
Lassen et al., 1999; WHO, 1997). PC3 has positive correlation with the 
aryl OPFR (TCP) (Fig. 3 d). The OPFRs influent in spring have positive 
loading values on PC3, showing that compared with other three seasons 
the cutting oil, transmission fluids, hydraulic fluid and PVC containing 
TCP were more likely to use in life in spring. 

In conclusion, combined with the results of PCA and literature 
research, it can be found that TDCP, TCEP, DCP, TBEP, TCPP, DCP and 
EHDP have more frequent links with human production and living ac-
tivities, and are also the critical factors affecting the mass flux of OPFRs 
in STP. 

3.3. Reduction analysis of targeted OPFRs in the STP of five seasons 

The reduction rates of each OPFR in the STPs of five seasons were 
listed in Table 5. The reduction rates of OPFRs were calculated based on 
the mass flow of the influent and effluent, including the water and 
sludge phase. The detailed mass flows of each OPFR were showed in 
Table S3. 

The reduction rates of aryl OPFRs (TPHP, EHDP and DCP) in STP 
were highest by about 90% (Table 5). The reduction rates of other aryl 
OPFR（TCP） were significantly low mainly because of very few mass 
flow of the influent and effluent in spring and summer of 2018，maybe 
there is some measurement errors (Table S3). The reduction rates of 
alkyl OPFRs (TBP, TBEP and TEHP) were also high and the chlorinated 
OPFRs (TCEP, TCPP and TDCP) were lowest (Table 5). Therein, more 

Table 2 
Concentrations of SS of the influent of the STP in five seasons (g/m3).  

Sampling times SS (dry weight suspended solids) 

Spring of 2017 481±23 
Autumn of 2017 457±45 
Winter of 2017 223±13 
Spring of 2018 581±22 
Summer of 2018 595±54  

Table 3 
Mean log Kd (Kd = Csludge/Cwater) of detected OPEs.  

OPEs TBP TBEP TEHP TCEP TCPP TDCP TPhP TCP EHDP DCP 

logKd 0.273 0.546 2.087 − 1.097 − 0.554 − 0.35 0.645 1.786 1.939 1.102  

Table 4 
Mass flow of influent OPEs data of the STP.  

Mass flow 
(g/d) 

Autumn of 
2017 

Winter of 
2017 

Spring of 
2018 

Summer of 
2018 

TCEP 45.6±6.1 15.8±2.1 38.0±1.3 38.4±1.6 
TCPP 67.5±8.0 46.7±3.8 80.8±3.2 77.3±2.4 
TDCP 11.2±2.7 8.0±0.8 11.4±0.8 12.8±0.8 
TPHP 3.2±0.5 3.8±0.4 8.0±0.3 5.1±0.3 
DCP 3.5±0.3 0.9±0.3 3.2±0.2 3.1±0.3 
TBP 16.4±1.6 13.6±1.7 58.7±2.0 19.3±0.6 
TBEP 0.4±0.1 63.6±10.7 48.7±14.0 11.6±2.1 
TCP 3.3±0 1.5±0.1 2.7±0 0 
EHDP 39.5±3.9 19.9±4.3 16.4±1.8 75.8±5.7 
TEHP 22.4±8.8 12.8±6.1 44.4±1.1 32.6±1.5 
Total OPEs 213±22.6 186.6±26.8 312.3±22.8 276±9.0  
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amounts of TEHP and EHDP were found in sludge phase of influent, may 
indicating the reduction depended on the sludge discharge partly. 

A comparison of the reduction efficiencies of OPFRs was listed in 
Table 6. Consistent to the results in other’s research, the reduction rates 
of TBEP, TEHP and TPHP were positive in whatever some counties in 
Europe, USA or China. Thus, the three OPFRs, TBEP, TEHP and TPHP, 
can always be effectively removed in different STPs under various 
climate and temperature conditions. Compared to Norway’s data (Green 
et al., 2008) shown in Table 6，EHDP had high reduction rates in our 
work, and only in China and Spain the reduction rates of EHDP were 
high (Cristale et al., 2016; Liang et al., 2016). In Table 6, the chlorinated 

OPFRs reduction rates were not well except in a STP of Norway and 
varied greatly in STPs of different seasons and regions (Tables 5 and 6). 

3.3.1. Influence of processing volume, T, DO, SS 
The processing volume and solid suspend of the influent (SS) of the 

STP can reflect the differences on water consumption of human life in 
different seasons. The temperature of the sewage (T) can respond to the 
impact of climate change on OPFRs reduction in the STP to some extent. 
The dissolved oxygen in biological bank (DO) and activated sludge 
concentration (MLSS) are the actual working condition in the STP, can 
influencing biodegradation of OPFRs by the organisms. Therefore, the 

Fig. 3. Loading plots and score plots of PCA by the database of mass flow of the inflow OPEs from the STP in four seasons. Loading plots: (a) Compontent1 vs 
Compontent2; (b) Compontent1 vs Compontent3; score plots: (c) PC1 vs PC2; (d) PC1 vs PC3. 

Table 5 
Reduction rates of detected OPEs in the STP of five seasons (%).  

Seasons TCEP TCPP TDCP TBP TBEP TEHP TCP EHDP TPHP DCP 

Spring of 2017 30.8 40.8 42.1 72.6 83.0 99.8 99.0 99.8 89.7 96.5 
Autumn of 2017 35.3 27.2 37.2 63.6 79.5 99.2 91.4 99.5 84.3 98.0 
Winter of 2017 − 11.3 − 3.47 − 0.373 55.7 91.5 98.8 93.3 98.8 88.9 95.7 
Spring of 2018 18.1 15.6 18.2 80.3 99.2 100 28.3 99.0 93.8 92.3 
Summer of 2018 − 55.7 − 10.4 8.86 64.7 100 100 0 100 92.6 100  

Table 6 
Comparison of the reduction rates between the influent and effluent of STPs (%).  

Country TCEP TCPP TDCP TBP TBEP TEHP TCP EHDP TPHP DCP Source 

Spain − 3.13~-93.2 − 41.2–56.0 − 187–0 35.0–83.0 58.0–97.0 100 none 100 42.0–79.0 none Cristale et al. (2016) 
China − 30.2 − 50.7 30.3 53.4 93.4 none none 93.6 79.3 none Liang et al. (2016) 
Norway − 10.0 4.55 8.22 − 28.6 82.6 none none − 54.3 78.5 none Green et al. (2008) 

20.0 8.60 − 17.5 − 68.8 64.4 none none − 28.0 75.0 none Green et al. (2008) 
36.0 34.5 89.5 27.8 41.1 none none − 25.6 6.45 none Green et al. (2008) 

Sweden − 422–41.7 − 22.2–46.4 − 8.00–60.6 49.4–98.6 14.3–39.4 100 none none none none Marklund et al. (2005) 
USA 8.26 − 280 0.104 none none none none none none none Schreder et al. (2014) 
USA 22.5 − 16.2 − 80.4 − 2.44 58.1 87.1 none none 34.5 none Kim et al. (2014) 
Germany − 20.7 − 50.0 − 30.0 72.8 0.880 none none none none none Meyer et al. (2004) 

− 105 − 26.2 − 36.4 83.8 0.890 none none none none none Meyer et al. (2004) 
China 15.1 − 58.2 − 56.7 85.4 88.6 none none none 83.4 none Zeng et al. (2015)  
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processing volume, T, DO, SS and MLSS through investigation were 
estimated to assess the influence for the OPFRs reduction in the research. 
The statistical analysis of Pearson correlation coefficient was performed 
in order to study the relationships between above influencing factors 
and OPFRs reduction rates. 

Firstly in Table 7 it can be found the total OPFRs reduction rate only 
had significant correlation with the processing volume (r = − 0.883, p <
0.05). The total OPFRs reduction rate decreased with the increase of the 
processing volumes. And significant correlation between TCEP reduc-
tion and processing volume (r = − 0.887, p < 0.05) was also found in the 
work. It similarly happened between TCPP reduction rate and process-
ing volume (r = − 0.934, p < 0.05). There is a similar case that signifi-
cant correlations were also found between the antibiotics concentrations 
and processing volume in Li et al.’s research (Li et al., 2013) in sewage 
sludge of STPs and TPHP also was found significant correlation with 
processing volume in Pang et al.’s research (Pang et al., 2016). However, 
the total reduction rates didn’t show obvious correlation with T, DO, SS 
and MLSS (p > 0.05). 

Temperature of the sewage is an important variation factor in five 
seasons owing to the climate change and the different life habits in 
different environment conditions, having potentially significant impacts 
on the dissolution, absorption, fate of the sewage contaminants and 
biological activities and behaviours of microorganisms in STPs. Thus, 
evaluating temperature change is important to OPFRs reduction varia-
tions in STPs in different seasons for the profound significance of 
studying the target compounds seasonal and thermal variation in STPs. 
It is shown in Table 7 that the EHDP reduction rate had significant 
positive correlation with the temperature of the sewage (r = 0.905, p <
0.05). With the increase of the temperature, the EHDP amount in the 
STP reduced more. The p values of other OPFRs were generally less than 
0.05, showing that other OPFRs had no significant relationship with the 
temperature of the sewage. 

Solid suspend of the influent (SS) in the STP is closely related to the 
sewage discharge of human life. As shown in Table 7, the r value of 
TDCP reduction rate was 0.891 (p < 0.05), indicating that higher con-
centrations of SS caused better TDCP reduction. And TDCP reduction 
had significant correlation with dissolved oxygen in biological bank 
(DO). However, the reduction of other target OPFRs did not exhibit 
significant correlations with SS and DO. In this work, the correlation 
value between TCP reduction rate and DO was unavailable due to the 
lack of data. 

Activated sludge concentration (MLSS) can reflect the microor-
ganism in biological bank of STPs, impacting the treatment effectiveness 
of pollutants including target OPFRs. Therefore, in order to study the 
influence of MLSS on the OPFRs reduction in STPs, the contents of the 
MLSS in biological bank in the STP were investigated. Significant 
negative relation between DCP reduction rate and MLSS can be seen in 
Table 7 (r = − 0.984, p < 0.05). But other OPFRs reduction didn’t appear 
significant correlation with MLSS. 

3.3.2. In general, there is a significant positive correlation between 

the processing volume and the total OPFRs removal rate, and other 
factors will also have a positive or negative impact on the specific OPFR. 
However, due to the complexity of wastewater treatment process, we 
should do more research to explore the influence of operating conditions 
and other factors on the removal rate of organic phosphate, to reveal the 
relationship between them. Influence of OPFRs properties. 

In order to further study the influence of OPFRs properties on the 
OPFRs reduction, the polarity characteristics, including the octanol- 
water partition coefficient (Kow), normal distribution coefficient (Koc) 
and bio-concentration factors (BCF), were investigated (Table 1). As 
shown in Fig. S4, the Kd values compared with the each corresponding 
Koc and Kow, were found that their increasing trend gradually was 
consistent with the organic carbon atom numbers and molecular weights 
of individual OPFRs. Similarly, the results were also found by Liang et al. 
(2016). With the increase of the Koc, Kow, Kd values, the adsorption of 
OPFRs to the sludge solid was stronger, suggesting which OPFRs 
reduction through sludge discharged was an important pathway.s. 

The log Kow values and log Koc values had a significant positive 
correlation with the OPFRs reduction rate (r = 0.7100, p < 0.05, Fig. 4 
a); r = 0.6577, p < 0.05, Fig. 4 b)). Thus, OPFRs with higher log Kow and 
log Koc values showed higher removal from the sorption of the sludge 
particles. It is the same that significant positive relationship between the 
OPFRs reduction and log Kd values (r = 0.8373, p < 0.05, Fig. 4 c)). The 
OPFRs reduction would increase with the increasing of the log Kd values. 
These can from the perspective of OPFRs properties explain the higher 
removal efficiencies of the TEHP, EHDP and DCP with higher Kow, Koc 
and Kd values. In addition to the sludge particles sorption, bio- 
concentration and biodegradation in sewage treatment of the STP also 
play important role for OPFRs removal. Therefore, BCF can reflect the 
behaviour of OPFRs reduction in STPs to a certain extent (r = 0.6349, p 
< 0.05) in Fig. 4 d). As the log BCF increased, the corresponding OPFRs 
reduction rates also increased. This shows that we can enhance the 
reduction rate of OPFRs in STP by enhancing sludge activity. 

4. Conclusion 

OPFRs have been used in various fields of production and life. With 
the difference of main production and life activities in different stages, 
the total concentration of OPFRs and various OPFR in the influent of 
sewage treatment plant also have seasonal changes. In the influent water 
phase, the total concentration of OPFRs was the lowest in the summer of 
2018, which was 600 ng/L. The total concentration of OPFRs was in the 
range of several hundred ng/L (600–838 ng/L), and the main OPFRs 
were two chlorinated OPFRs (TCEP and TCPP). In the influent sludge 
phase, the total concentration of OPFRs was the lowest in the winter of 
2017. The total concentration of OPFRs ranged from 1072 to 2129 ng/g 
dry weight, and TEHP and EHDP were the main OPFRs. Koc, kow and KD 
can explain why more TEHP and EHDP are concentrated in sludge 
phase. The content of OPFRs in the influent sludge phase was the lowest 
in winter. 

Table 7 
Pearson’s correlation analysis for the reduction rates of target OPEs with influence conditions of the STP in five seasons.  

Conditions TCEP TCPP TDCP TBP TBEP TEHP TCP EHDP TPHP DCP Total 

Processing volume r − 0.887a − 0.934a − 0.820 − 0.178 0.870 0.192 − 0.625 − 0.025 0.573 0.156 − 0.883a 

p 0.045 0.020 0.089 0.774 0.055 0.757 0.375 0.968 0.313 0.803 0.047 
T r − 0.514 − 0.175 0.142 0.095 0.214 0.642 0.159 0.905a 0.225 0.781 − 0.527 

p 0.376 0.778 0.820 0.879 0.729 0.242 0.841 0.034 0.716 0.119 0.361 
SS r 0.624 0.726 0.891a 0.253 − 0.704 0.167 0.197 0.457 − 0.593 0.321 0.334 

p 0.261 0.165 0.043 0.681 0.185 0.788 0.803 0.439 0.292 0.598 0.582 
DO r − 0.360 − 0.681 − 0.999a − 0.981 − 0.843 − 0.885 1.000b − 0.184 − 0.965 0.327 − 0.299 

p 0.766 0.523 0.025 0.124 0.361 0.309 – 0.882 0.170 0.788 0.806 
MLSS r 0.507 0.192 − 0.092 0.441 0.140 − 0.119 − 0.928 − 0.842 0.194 − 0.984b 0.524 

p 0.384 0.757 0.883 0.457 0.822 0.848 0.072 0.073 0.755 0.002 0.364  

a Significant correlation at the 0.05 level (two-tailed). 
b Significant correlation at the 0.01 level (two-tailed). 
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The reduction rate of chlorinated OPFRs was lower than that of alkyl 
and aryl OPFRs. TBEP, TEHP and TPHP can be effectively removed in 
most cases. The sludge discharge of STP may directly affect the reduc-
tion of TEHP and EHDP. It is found that there is a significant negative 
correlation between the sewage treatment capacity and the reduction 
rate of OPFRs, especially TCEP and TCPP. EHDP decreased with the 
increase of wastewater temperature. With the increase of SS and the 
decrease of do, the decrease of tdcp increased. There is also a negative 
correlation between activated sludge concentration and DCP. 

The decrease of OPFRs was proportional to log Koc, log Kow, log KD 
and log BCF. With the increase of Koc, kow and Kd values, the adsorp-
tion of sludge on OPFRs increased, showing a higher adsorption removal 
rate of sludge particles, which indicates that the removal of OPFRs can 
be reduced by increasing sludge discharge. With the increase of log BCF, 
the reduction rate of OPFRs also shows an increasing trend, which in-
dicates that biodegradation is also an important way to remove organic 
phosphates. The reduction of organic phosphates in wastewater treat-
ment plants can be achieved by enhancing sludge activity. 
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