[image: image1]Ecological risk assessment for tris(2-chloroethyl) phosphate to freshwater organisms

		ORIGINAL RESEARCH
published: 01 September 2022
doi: 10.3389/fenvs.2022.963918


[image: image2]
Ecological risk assessment for tris(2-chloroethyl) phosphate to freshwater organisms
Yu Qiao1, Daqing Liu1,2, Chenglian Feng1*, Na Liu1, Jindong Wang1, Zhenfei Yan1 and Yingchen Bai1
1State Key Laboratory of Environmental Criteria and Risk Assessment, Chinese Research Academy of Environmental Sciences, Beijing, China
2College of Water Science, Beijing Normal University, Beijing, China
Edited by:
Wei He, China University of Geosciences, China
Reviewed by:
Xiangzhen Kong, Nanjing Institute of Geography and Limnology (CAS), China
Ning Qin, University of Science and Technology Beijing, China
* Correspondence: Chenglian Feng, fengcl@craes.org.cn
Specialty section: This article was submitted to Toxicology, Pollution and the Environment, a section of the journal Frontiers in Environmental Science
Received: 08 June 2022
Accepted: 29 July 2022
Published: 01 September 2022
Citation: Qiao Y, Liu D, Feng C, Liu N, Wang J, Yan Z and Bai Y (2022) Ecological risk assessment for tris(2-chloroethyl) phosphate to freshwater organisms. Front. Environ. Sci. 10:963918. doi: 10.3389/fenvs.2022.963918

With the ban on brominated flame retardants (BFRs), organophosphate flame retardants (OPFRs) were used as substitutes generally as flame retardants, lubricants, plasticizers, and so on. Tris(2-chloroethyl) phosphate (TCEP) is a common OPFR and has been widely detected in different environmental compartments such as the atmosphere, dust, water, sediment, and soil. At elevated levels, TCEP can cause adverse health effects on humans and aquatic life. The present study aimed to use bibliometrics analysis of the important research about TCEP and assess the risk of TCEP to aquatic life through a comprehensive meta-data analysis of available secondary data on its toxic effects and exposure levels. The results showed that toxicity and environmental occurrence and concentration are research hot spots. Meanwhile, given the relatively high detection rates and high concentrations of TCEP in some freshwaters, the ecological risk of TCEP to freshwater organisms should not be ignored. This result of the present study could provide data support and references for the risk assessment and environmental management for such new emerging contaminants.
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INTRODUCTION
The use of organophosphate esters (OPEs) as organophosphate flame retardants (OPFRs) has gradually increased after the ban of brominated flame retardants (BFRs) (Van Der Veen and De Boer, 2012; Wei et al., 2015; Mekni et al., 2020). Generally, OPEs are classified into three categories based on molecular structures, including alkyl OPEs, halogenated OPEs, and phenyl OPEs. As one of halogenated OPEs, tris(2-chloroethyl) phosphate (TCEP) (CAS:115-96-8) has been widely used in various commercial and industrial products such as electronic devices, paint, glue building materials, furniture, and baby toys (Bateman et al., 2017; Chokwe et al., 2020; Yan et al., 2021; Hu et al., 2022).
TCEP is generally manufactured by the reaction of phosphorus oxychloride with 2-chloroethanol or by the reaction of ethylene oxide with phosphorus oxychloride. Due to its physical and chemical properties, TCEP is mainly used as a flame retardant. In Europe, the use of organophosphorus flame retardants like TCEP has an upward trend with the ban of poly brominated diphenyl ethers (PBDEs). The amount of TCEP accounted for about 50% of the total amount of hard and soft polyurethane vinegar and about 30% of polyvinyl chloride (Reemtsma et al., 2008). In China, the consumption of halogenated organophosphate flame retardants like TCEP accounts for about 80% of total flame retardants. In addition, it can also be used as an additive for plasticizers, lubricating oil or gasoline, and as an extractant for rare metals (uranium, polonium, tantalum, etc.) (Van Der Veen and De Boer, 2012). The annual production and use of TCEP in China are tens of thousands of tons (Gao Xiaozhong and Wang, 2015).
TCEP is physically combined with materials surfaces as additives rather than combined by chemical reactions, which causes TCEP to be easily released into the environment. Compared with other OPEs, TCEP has higher water solubility (25°C, >7000 μg/L) and is difficult to biodegrade in the environment (Zhao et al., 2016). Research data showed that TCEP can be detected in surface water, sediment, atmosphere, soil, and other environmental media in many regions of China (Wang et al., 2014; Wang et al., 2014; Xing et al., 2018). In addition, several studies showed that TCEP has neurotoxicity, reproductive toxicity, immunotoxicity, and endocrine-disrupting effects (Noyes et al., 2015; Li et al., 2019; Sutha et al., 2022; Yan et al., 2022). Exposure to environmental concentrations of TCEP results in impaired structural development and reduced metabolic capacity in the gills of pelteobagrus fulvidraco (Zhao et al., 2021). Long-term exposure to TCEP leads to structural changes in zebrafish gonadal tissues and significantly alters the content of related enzymes (Sutha et al., 2022). TCEP has been added to the list of priority substances for the second batch by the China Ministry of Ecology and Environment; TCEP is highly harmful to the ecological system of freshwater and damages the healthy reproduction and nervous system of humans (Mee, 2022). Internationally, the EU implements authorization management for TCEP and United States restricts the use of TCEP in children’s products (U.S. Environmental Protection Agency, 2015; ECHA, 2018).
Due to the toxicity (carcinogenicity, nerve toxicity, endocrine disruption) and potential ecological risks, TCEP has been defined as a contaminant of emerging concern (CEC) (Chen et al., 2020). However, at present, most countries or regions still lack environmental standards and environmental management measures for TCEP. Research on ecological risk and environmental quality criteria is still required as there is no data support and scientific basis for environmental management of harmful CECs. However, ecological risk assessment of CECs based on traditional toxicity endpoints that predicted no effect concentration (PNEC) may not provide adequate protection for freshwater organisms (Jin et al., 2014). Because the concentration of CECs is lower than PNEC in the environment, it may cause neurotoxicity and reproduction toxicity rather than the obvious effect of death and development toxicity to freshwater organisms (Du et al., 2015; Liu et al., 2016). Therefore, it is necessary to calculate the ecological risk of TCEP for freshwater organisms by different toxicity endpoints.
In the present study, the scientific bibliometric analysis of TCEP-related articles was conducted using CiteSpace software to summarize the research hotspots, important research areas, and the toxic effects and toxicity endpoints of TCEP. The sensitive chronic toxicological endpoints were focused on. At the same time, based on the death, development, neural, and reproduction toxicity endpoints, the ecological risk to aquatic organisms was assessed according to the exposure to TCEP in the freshwater environment.
MATERIALS AND METHODS
Data collection and analysis methods for bibliometric of TCEP
The Web of Science (WOS) Core Collection SCI-expand database (https://www.webofscience.com/wos/woscc/basic-search, last accessed on 12 May 2022) was used to search for the literature related to TCEP. The WOS core data set is considered one of the most scientific and comprehensive literature databases, and it contains the most influential and relevant journals (Olawumi and Chan, 2018; Niu et al., 2021). The conditions for the text search were set as follows: 1) the search topic (TS) = [“Tris(2-chloroethyl) phosphate *” or “TCEP*”], 2) the type of the document was set to “article”, 3) the language of the article was set to English, and 4) the search data was set all years (from 1900 to 2022).
CiteSpace is a scientific bibliometric piece of software that provides citation analysis to obtain trends and research hotspots on research topics (Chen et al., 2012). The retrieved relevant literature was analyzed by CiteSpace for keyword co-occurrence, clustering, burst detection, and timeline analysis. Research content and hotspots in TCEP-related fields were systematically concluded by the Keyword co-occurrence and clustering analysis. Research progress and trends were concluded by keyword emergence and timeline analysis. The nodes in the clustering graph represent keywords, and the larger the node means that the node appears more frequently. The line between the nodes indicates that the nodes appear in the same or more articles and the thicker the line, the nodes are more relevant to each other. In addition, the color represents the time at which the node was located, and the labels in the clustering graph were named after the keywords that contribute the most to that cluster.
Toxicity and exposure data collection about TCEP
Toxicity and exposure data about TCEP to freshwater organisms were obtained through collection and screening from the USEPA ecotoxicology database (https://cfpub.epa.gov/ecotox/search.cfm), Web of Science (https://www.webofscience.com/), ELSEVIER (https://www.sciencedirect.com/), and CNKI (https://cnki.net) and published in the literature and government documents. Toxicity data were collected following these conditions: 1) the tested media should be freshwater; 2) the acute toxicity data should be including LC50 and EC50; 3) the chronic toxicity data of aquatic animals (including NOEC, LOEC, LC50, EC50, or MATC, etc.) should be available; and 4) the toxicity effects should be including reproduction, development, or neurotoxicity (Wang et al., 2020; Liu et al., 2022). The data generally included acute and chronic toxicity of TCEP to aquatic organisms like fish, water fleas, and so on. For acute toxicity data, selected measurement endpoints were the median lethal concentration (LC50) or median effect concentration (EC50) based on immobility for animals and biomass or growth for plants. For chronic toxicity data, no observed effects concentration (NOEC), maximum accept concentration (MATC), lowest observed effect concentration (LOEC), or x% effect concentration (ECx) was used.
Toxicity data for different effects of TCEP on aquatic organisms were divided into different categories by different endpoints. For acute toxicity, the effects of lethality, livability, and behavioral inhibition on aquatic organisms were mainly considered. Chronic toxicity data were divided into toxicity effects of development and growth inhibition to aquatic organisms, reproduction toxicity, neurotoxicity toxicity, and so on. Besides, the data for calculations needed to be filtered according to the following data priority selection: 1) the data obtained by the flow exposure test should be superior to the semi-static exposure test; 2) the data of toxicity of the full life cycle are superior to the part life cycle; 3) the most sensitive toxicity data should be chosen when there are more toxicity endpoints; and 4) for the data of the same species, chronic is superior to acute and NOEC is preferred, the second is LOEC, and then LC50 is superior to EC50.
Environmental concentrations of TCEP were collected from the published literature (Table 3). The exposure concentrations in freshwater were collected in China in recent 12 years (2011–2022) as well as in other countries to assess the ecological risks of TCEP to freshwater organisms.
Ecological risk assessment method
There were two approaches used to the ecological risk assessment of TCEP for freshwater organisms in this study. The first one is risk quotients (RQs), which are calculated as quotients of the environmental concentration of TCEP in surface waters divided by the predicted no effect concentration (PNEC) (Equation 1) (Liu et al., 2020). The preliminary risk assessment ranks of TCEP were classified as follows: if RQ < 0.1, the risk is insignificant; if 0.1 ≤ RQ < 1, the risk is low; if 1 ≤ RQ < 10, the risk is moderate; and if RQ ≥ 10, the risk is high (Bu et al., 2013; Yan et al., 2015).
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CE is the environmental exposure concentration of TCEP in this equation. PNEC is derived from the most sensitive toxicity data with assessment factors (Afs) of 10, 20, or 100, which are calculated by test endpoints of NOEC, LOEC, EC50, or LC50 (Tarazona et al., 2010; Bu et al., 2013).
The second method of ecological risk assessment of TCEP to freshwater organisms is joint probability curves (JPCs), which is one of the most widely used and refined methods of probabilistic ecological risk assessment (Solomon et al., 2000). JPCs describe the probability that the exceeded frequency of exposure to environmental concentrations (y-axis) and the number of freshwater organisms would be affected (x-axis) (Zheng et al., 2017). On the curve of JPCs, each point has its meaning, which represents the probability that the proportion of freshwater organisms will be affected and the frequency with which that magnitude of the effect would be exceeded (Jin et al., 2014). The closer the curve is to the coordinate axis, the less the toxic ecological risk of pollutants to organisms in the freshwater ecosystem (Solomon et al., 2000). Besides, risks were categorized as de minimis, low, intermediate, or high by the criteria that risk values = exceedance probability × magnitude of the effect (Moore et al., 2010; Moore et al., 2014; Whitfield Aslund et al., 2017). There are four risk categories introduced as follows: 1) The risk was categorized as de minimis when the maximum risk value was <0.25%. 2) The risk was categorized as low when the maximum risk value was ≥0.25% and <2%. 3) The risk was categorized as intermediate when the maximum risk value was ≥2% and <10%. 4) The risk was categorized as high when the maximum risk value was >10% (Liu et al., 2020).
Besides, the different endpoint toxicity data (X) of TCEP for different effect endpoints were normalized (X = NOEC, LOEC/2, EC50/10 or LC50/100) in the risk assessment method of JPCs (Bu et al., 2013; Liu et al., 2020). In JPCs, concentration and toxicity data of TCEP were calculated by (Lg10) and verified by the normal distribution.
Statistical analysis
All the data were processed and tested for normality by SPSS 26.0, and the data were subjected to either the Kolmogorov–Smirnov test (K-S test) or the Shapiro-Wilk test (S-W test) to verify whether the data conform to the normal distribution. JPCs were plotted and adjusted by MATLAB R2017a.
RESULTS AND DISCUSSION
Bibliometric results and analysis
The total number of articles retrieved was 1,071 after CiteSpace removed the duplicate articles. The data from these articles were analyzed by the keyword co-occurrence, and the pivotal research themes of TCEP are presented by the visual clustering analysis (Figure 1). TCEP is known to be an OPFR that is often added to plastics as a plasticizer and flame retardant. Therefore, the highest frequency of “flame retardant” and “plasticizer” is to be expected. It is worth noting that the frequency of the keyword “toxicity” is also high and research about toxicity has formed important research areas (#10 neurotoxicity and #8 gene transcriptional analysis in Figure 1), indicating that TCEP is toxic and toxicity is a hot topic in TCEP research. There are several studies focused on representing possible human exposure to environments containing TCEP, such as “indoor dust”, “human exposure”, “air”, “water”, “house dust”, and “surface water”. This indicates that the effects of TCEP on humans are of great concern and TCEP has been detected in a variety of environmental media. Although the “risk assessment” appeared slightly later than the other keywords by a few years, this indicates that the ecological hazards of TCEP have been recognized, such as #14 surface water, #16 purification, and #18 reduction, which are related to risk assessment research, and a limited approach is being taken to assess and control the environmental behavior of TCEP.
[image: Figure 1]FIGURE 1 | Visual cluster analysis of the keyword co-occurrence and the information on the top 16 frequency keywords.
Toxicity of TCEP to freshwater organisms
Acute toxicity
TCEP may cause the death of freshwater organisms when they are exposed to a high concentration of TCEP in a short time. The LC50 of several freshwater organisms caused by TCEP is listed in Table 1. Carassius auratus is the most sensitive species that has the lowest LC50, and Caenorhabditis elegans is the most tolerant species when it is exposed to TCEP. Several studies showed that although freshwater organisms were exposed to TCEP for a short time, their development, especially when they were in the early stages of life, would be affected. The nervous system of zebrafish embryos/larvae was significantly damaged when they were exposed to TCEP at 2,500 μg/L for 120 h (Li et al., 2019). Although the acute toxicity of TCEP is lower than that of other OPEs, it may induce the abnormal behavior of zebrafish larvae when they were exposed to TCEP after 2.5 h (Jarema et al., 2015). Besides, TCEP could be accumulated in tissues of the brain, intestine, liver, and muscle and could reach a steady state in 3 days, especially in the liver that has a higher concentration of TCEP compared to other tissues (Wang et al., 2017). In addition to fish, TCEP also causes acute toxicity to other organisms such as invertebrates. The theoretical population and cell viability were decreased when Tetrahymena thermophila were exposed to TCEP at 0.044 mg/L after 5 days, and the mechanism is that the expressions of genes of soluble N-ethylmaleimide sensitive factor attachment protein receptor (SNARE) were down-regulated (Hao et al., 2020). Thus, studies showed that TCEP could cause acute toxicity to freshwater organisms when they were exposed to TCEP at a high concentration and a short time, which could cause death or developmental defects to them.
TABLE 1 | LC50 of TCEP to freshwater aquatic organisms.
[image: Table 1]Development and growth toxicity
TCEP may cause development and growth toxicity to freshwater organisms at a lower concentration than LC50, which may be hard to observe than the death of organisms. The development and growth toxicity of TCEP to several freshwater organisms are listed in Table 2. Developmental toxicity has an obvious difference when different freshwater organisms were exposed to TCEP. On one hand, TCEP could promote the development of Daphnia Magna at environmentally relevant or greater concentrations for a full life stage, in which the expression of genes associated with growth was significantly up-regulated and heart disease was reduced at the death stage.
TABLE 2 | Date of different toxicity effect endpoints of TCEP in several freshwater organisms.
[image: Table 2]Researchers have observed the developmental delay of Danio rerio embryos when the embryos were exposed to the highest concentrations of 14,250 and 28,500 μg/L of TCEP. Moreover, TCEP can also lead to spinal retardation and abnormal development (vertebral deformity, edema, immature spine, failure of gastrulation) (Wu et al., 2017). Other researchers found that shortened secondary gill lamellae and modest epithelial hyperplasia occurred in the 1 μg/L TCEP group, and telangiectasis, shortened secondary gill lamellae, severe epithelial hyperplasia, and epithelial lifting were observed in the gills of juvenile yellow catfish under 10 μg/L TCEP stress. Exposures to TCEP of 1,250 or 6,250 μg/L for 14 days caused shorter lengths of Japanese ricefish larvae (Sun et al., 2016a). The secondary gill lamellae were deformed in the 100 μg/L TCEP group. Genes related to antioxidant properties, osmoregulation, immunity, and apoptosis were differently expressed (Zhao et al., 2021).
In addition, it was also observed that the transcription of genes related to oxidative stress and lipid peroxidation was disrupted. The genes related to oxidative stress play integral roles in providing cellular protection during severe fatty acid β-oxidation. The disruption may lead to oxidative damage. The disruption of genes related to lipid peroxidation activation produces a rise in the expression of genes that promote fatty acid storage and finally led to obesity (Arukwe et al., 2016a).
Neurotoxicity
Neurotoxicity was mostly expressed in the abnormal behavior of freshwater organisms with the gene transcription occurrence abnormality related to their nervous system (Sun et al., 2016a; Sun et al., 2016b). Several studies showed that freshwater organisms observed neurotoxicity when they were exposed to TCEP. Some key genes and proteins of neurodevelopment, including mbp, a1-tubulin, and syn2a, were down-regulated when zebrafish embryos/larvae were exposed to TCEP at the concentration of 500 μg/L, which decreased their swimming ability (Li et al., 2019). It was found that in addition to the disruption of gene transcription, AChE activity was also influenced by TCEP, which affects the organization of the brain (Dishaw et al., 2014; Jarema et al., 2015; Sun et al., 2016a). In addition to fish, TCEP causes damage to dopaminergic neurons in Caenorhabditis Elegans at 750 mg/L and finally influences the behavior of Caenorhabditis elegans (Xu et al., 2017). Although freshwater organisms were exposed to a concentration lower than the lethal concentration, their nervous system was damaged and may induce abnormal behaviors.
Reproduction toxicity
TCEP also has reproduction toxicity. For example, TCEP had significant effects on D. Magna reproduction. According to the observation of researchers, four pathways related to genetic information processing were significantly up-regulated (Hao et al., 2020) and can also lead to the delay of eggs of Caenorhabditis elegans, and TCEP of 250 mg/L leads to about 0.5 days delay compared with the control group. Maximum spawning also decreased with the increase of exposure concentrations of TCEP (Xu et al., 2017). Zebrafish after 14 days of exposure to TCEP increased both 17β-estradiol (E2) and testosterone (T) concentrations in H295R cells (Liu et al., 2012). The in vivo metabolism of salmon was affected after 7 days of exposure to 0.04 mg/L TCEP and significantly affected the expression of neuro- and inter-renal steroidogenesis in juvenile salmon (Arukwe et al., 2016a; Arukwe et al., 2016b; Arukwe et al., 2018).
Exposure levels and risk assessment
More average concentrations of TCEP in the surface water of multiple countries are shown in Table 3. In China, the concentration of TCEP was from 4.05 ng/L to 552.63 ng/L. The maximum concentration was 552.63 ng/L, which was detected in Nanjing surface water, and the minimum was 4.05 ng/L, detected in the Yangtze River (Zha et al., 2018; Wang et al., 2022). The most urban surface water concentration of TCEP was higher than in rivers (Shi et al., 2016; Zhang S. et al., 2019; Niu et al., 2019). The concentration of TCEP in Taihu Lake in the area close to the city was higher than that in the central lake; the reason is that maybe the central lake was further away from the pollution sources of TCEP (Wang et al., 2018). Besides, the concentration of TCEP was different in other countries. The concentrations of TCEP in Nalón (3.6 ng/L), Arga (2.6 ng/L), and five great lakes (18 ng/L) were lower than those in Sydney (265.3 ng/L) and Shihwa Lake (226.6 ng/L). The difference in concentration distribution of TCEP was maybe due to the difference in production and demand, treatment and discharge, and the time cycle of use.
TABLE 3 | Mean environmental concentration and RQ value of TCEP in freshwater in several countries.
[image: Table 3]In order to show the risk of each sampling site, the risk assessment was conducted by RQ for them, and the results are listed in Table 3. The results showed that the risk of death of freshwater organisms in the environmental concentration of TCEP was insignificant and that the RQ1 value was lower than 0.1 in each sampling site. The risk of development was between insignificant and moderate with the RQ2 from 0.00468 to 1.17581. According to the results, in addition to Taihu (Yixing), surface water in Nanjing, Yunzao river in Shanghai, and Sydney had low neurotoxicity risk, and other sampling sites were insignificant. It is worth noting that reproductive toxicity had four types of risks in these freshwater sampling sites. Especially, the risk was high in surface water in Nanjing and the reproductive risk had the most moderate risk in all toxicity effects. This showed that the reproductive effect was maybe the most sensitive endpoint of toxicity effects.
The results of JPCs shown in Figure 2 were calculated by different toxicity effects. The x-axis of the JPC represents the intensity of effects, and the y-axis represents their probability. The risk of survival posed by TCEP to freshwater organisms was de minimis, which is the reason why the curve of JPC was on the coordinate axis. The total risk value of the development risk was 11.96%, which was a high potential risk for TCEP to the development and growth of freshwater organisms. These percent exceedance potential risks of freshwater were 72.86, 15.30, and 1.021% when the affected proportion percent of species was 10, 15, and 20%, respectively. For the neurotoxicity risk, its total risk value was 9.20%, which was an intermediate risk. When the proportion percent of affected species was 10 and 15%, there were rivers of 33.58 and 1.624% that may cause neurotoxicity to freshwater organisms. The highest risk in all toxicity effects was reproduction, and its total risk value was 19.26%. When the proportion percent of affected species was 15, 20, and 25%, there were rivers of 92.26, 38.97, and 4.01%, respectively, that may cause reproductive system damage to freshwater organisms.
[image: Figure 2]FIGURE 2 | Joint probability curves for ecological risk of TCEP in the surface water.
According to the results, the survival risk of TCEP to freshwater organisms was insignificant. The risk of neurotoxicity was lower but not negligible. However, TCEP had significant developmental toxicity and reproduction toxicity ecological risks. Daphnia magna is the most sensitive species to TCEP development and reproduction toxicity; upon exposure to 940 ng/L for 62 days, their body length and genes of reproduction were significantly affected (Li W. et al., 2020). These lower toxicity data may cause overall toxicity reduction and improve the risk value.
CONCLUSIONS
With the occurrence and concentration of TCEP in the environment detected, its frequent detectability in the environment and the risks of these substances to freshwater organisms are gradually appearing. According to the results of bibliometric, the research about TCEP was hot and “Toxicity” and “Risk assessment” were important research areas. There were many toxicity effects of TCEP on freshwater organisms through the collection of research that were classified as survival, neuro system, development, and reproduction toxicity effects. TCEP has obvious toxic effects on freshwater organisms, which not only affect the neuro system of freshwater organisms in freshwater but also have obvious development and reproduction toxicity effects on freshwater organisms, especially reproduction toxicity, which was the most sensitive toxicity endpoint. The different toxicity effect endpoints of the environmental assessment risk of TCEP were calculated by two methods, which were RQs and JPCs. From the results of this study, the survival risk was insignificant when freshwater organisms were exposed to the environmental concentration of TCEP. However, TCEP posed a significantly higher risk to reproduction than other toxicity endpoints, such as development and neuro system. This mechanism may be that the synthetic pathway of many genes and proteins associated with the neuro and reproductive systems was disturbed and damaged their tissue, which caused developmental disorders and abnormal behavior and reduced reproductive capacity of freshwater organisms. It should be taken seriously that although many freshwater organisms could not die when they were exposed to the environmental concentration of TCEP, the development, nervous system, and reproduction toxicities significantly exist. The number of different species was limited in the collected research. Therefore, further research needs to add the diversity of species to improve the representation of risk assessment. This study can help to protect freshwater organisms and control the environmental risk of TCEP and provide data support and references for the risk assessment and environmental management for such new emerging contaminants.
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Species Exposure Duration Endpoint Threshold (10° ng/L) References

Carassius auratus 96 h 90 Verbruggen et al. (2005)
Leuciscus idus melanotus 48h 200

Oncorhynchus mykiss 96 h 249

Oryzias latipes 96 h 190

Dugesi japonica 7d LCso 158

Daphnia magna 48h 78.05 Kovacevic et al. (2018)
Japanese medaka 48h 128 Tsuji et al. (1986)
Danio rerio 96 h 1514 Wang et al. (2017)
Caenorhabditis elegans 6d 1,381 Xu et al. (2017)
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Development and growth toxicity
Pseudokirchneriella subcapitata 96 h NOEC 5 Verbruggen et al. (2005)
Scenedesmus subspicatus 72h ECso 36
Tetrahymena thermophila 5d NOEC 0411 Hao et al. (2020)
Japanese medaka 14d NOEC 125 Sun et al. (2016a)
Danio rerio 28d NOEC L5 Sutha et al. (2022)
Pelteobagrus fulvidraco 30d NOEC 0.001 Zhao et al. (2021)
Daphnia magna 62d NOEC 0.00094 Li et al. (2020a)
Neurotoxicity
Danio rerio 120h LOEC 0.1 Li et al. (2019)
Caenorhabditis elegans 6d LOEC 750 Xu et al. (2017)
Freshwater planarians 12d NOEC 28849 Zhang et al. (2019b)
Japanese medaka 14d LOEC 0.05 Sun et al. (2016a)
Gobiocypris rarus 21d NOEC 5 Yuan et al. (2016)
Reproductive toxicity
Tetrahymena pyriformis 24h ECso 115 Verbruggen et al. (2005)
Tetrahymena thermophila 5d LOEC 0.044 Hao et al. (2020)
Caenorhabditis elegans 6d LOEC 250 Xu et al. (2017)
Cirrhinus mrigala 21d LOEC 0.04 Sutha et al. (2020)
Cyprinus carpio 28d LOEC 0.01 Zhao et al. (2021)
Danio rerio 28d LOEC 01 Sutha et al. (2022)
Daphnia magna 62d LOEC 0.00094 Li et al. (2020a)
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