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As a new type of pollutant, phthalate esters (PAEs) are common organic compounds in industrial production and daily life, which are widely detected in surface water environment. Among them, dibutyl phthalate (DBP) and bis (2-ethylhexyl) phthalate (DEHP) have attracted much attention due to their harmful effects on aquatic life such as endocrine disrupting effects. In this study, the toxicity data of DBP and DEHP were collected and screened through literature research, and their water quality criteria (WQC) for protecting aquatic life were derived by the species sensitivity distribution method. In addition, the distributions of DBP and DEHP in surface water environment of China were analyzed and their ecological risk levels to aquatic life in six regions were evaluated by hazard quotients (HQs) and probabilistic approaches. The result revealed that the chronic WQC of DBP is 12.9 μg/L (criteria continuous concentration, CCC) and acute WQC is 162.9 μg/L (criteria maximum concentration, CMC) and the chronic WQC of DEHP is 1.0 μg/L (CCC) and acute WQC is 71.8 μg/L (CMC). The ecological risk of DBP and DEHP in North China and Yangtze River is relatively higher than other regions, which may have harmful effects on the aquatic environments. So, it is necessary to strengthen the water quality management. The results could provide scientific basis for ecological risk management of DBP and DEHP.
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INTRODUCTION
Phthalate esters (PAEs) are common plasticizers, which are mainly used to improve the flexibility of plastic products for processing (Howdeshell et al., 2008; Abdel Daiem et al., 2012). The sources of phthalates in the environment are mainly anthropogenic activities and the annual output of PAEs in China is about 400,000 tons (Pei et al., 2013; Wang et al., 2013). PAEs can enter the water body directly and indirectly. The direct ways include the discharge of industrial waste water containing PAEs and the surface runoff of rainwater after washing agricultural plastic film, insect repellent, plastic garbage, etc. (Huang et al., 2020). Besides, humic acid produced by the decay of animals, plants, microorganisms, and their wastes in the water has a large association constant with PAEs, leading to the presence of PAEs in the water environment (Cao et al., 2018). The indirect way is that these compounds are first discharged into the atmosphere, and then transferred into the water environment through dry deposition or rainwater leaching. As a kind of environmental endocrine disruptors, PAEs have estrogen-like effect. PAEs can combine with hormone receptors in the body, causing nervous system disorders, endocrine disorders, and immune decline, resulting in reproductive and developmental damage and other health problems. In addition, some PAEs are bioaccumulative and can be accumulated in organisms, accordingly causing serious harm to high trophic organisms (Sun et al., 2016). In recent years, PAEs have attracted much attention due to their harmful effects on human health and ecological environment.
PAEs have adverse effects on the growth and development of aquatic organisms, with less acute toxicity and more chronic toxicity. Most of the PAEs have estrogen effect, which can interfere with the secretion and synthesis of animal sex hormones, thus affecting biological growth and development (Shi et al., 2012; Zhai et al., 2014). The 96-h lethal concentration to 50 percent of the population (LC50) values of DBP for six aquatic organisms was determined by Mayer and Sanders, ranging from 0.73 to more than 10 mg/L (Mayer and Sanders, 1973). Zhao et al. (2014) studied the toxic effect of DEHP on Pinctada martensii and found that the lowest observed effect concentration (LOEC) was less than 0.5 mg/L. Studies showed that DEHP also had harmful impacts on fish growth (Defoe et al., 1990). The ecological risks of PAEs in the Chinese surface water were studied and results showed that DBP and DEHP were the main compounds in PAEs and had higher ecological risks to aquatic organisms (Gao et al., 2019; Guo et al., 2019). Besides, as a common environmental endocrine disruptors, PAEs can enter the human body through respiration, digestive tract, and skin contact (Song et al., 2016) and cause adverse effects on many aspects of human health (Zhang and Shu, 2005; Giribabu and Reddy, 2016).
More than 20 kinds of PAEs have been detected in environmental samples, including dimethyl phthalate (DMP), diethyl phthalate (DEP), dibutyl phthalate (DBP), dioctyl phthalate (DOP), bis (2-ethlyhexyl) phthalate (DEHP), and butyl benzyl phthalate (BBP), which are widely distributed in air, water, and soil (Sha et al., 2006; Liu et al., 2010). Among them, DBP and DEHP are two typical PAEs, which have been listed as priority pollutants and toxics release inventory (TRI) in the United States due to their adverse effects on environmental and human health (USEPA, 1997; Howdeshell et al., 2008; Lyche et al., 2009; USEPA, 2012). Several studies has been conducted to evaluate the ecological risk of DBP and DEHP in regional surface waters in China and indicated that research work in this field should be strengthened (Hu et al., 2012; Wang et al., 2017). The water quality criteria of PAEs was studied by EPA in 1980 and the acute and chronic toxicity concentrations of PAEs to freshwater aquatic organisms were low to 940 and 3 μg/L, respectively (USEPA, 1980). Both surface water environmental quality standard (GB 3838-2002) and drinking water quality standard (GB 5749-2006) of China stipulate the standard values of DBP and DEHP for drinking water which are 3 and 8 μg/L, respectively. It is necessary to derive the WQCs of China to provide scientific protection for aquatic ecological health (Wu et al., 2010).
Till now, the WQCs of DBP and DEHP for the protection of aquatic organisms in China have not been derived. Several studies on the ecological risk assessment of used the predicted no effect concentration (PNEC) calculated for specific sites (Chen et al., 2019; Gao et al., 2019). Therefore, there is lack of scientific basis for risk assessment and environmental management of water ecology in China. According to the guidelines for deriving water quality criteria for aquatic life protection in China, the water quality criteria of DBP and DEHP for protection of aquatic life in China were derived by collecting and screening toxicity data of aquatic species, and the environmental risk levels of DBP and DEHP in China’s surface water were evaluated. The study aims to provide the basis for water quality criteria, risk assessment, and environmental management of PAEs in China.
MATERIALS AND METHODS
Toxicity Data Collection and Water Quality Criteria Derivation
The acute and chronic toxicity data of DBP and DEHP to aquatic organisms are collected mainly from the ECOTOX database of EPA (http://www.epa.gov/ecotox/) and related published literature. The toxicity data of these two substances to aquatic species in China were screened (Supplementary Tables 1–4). Among them, acute data mainly includes LC50 or 50% of effective concentration (EC50), chronic data mainly include the no observed effect concentration (NOEC) or LOEC. Aquatic organisms screened in this study mainly include algae, invertebrates (crustaceans, molluscs, insects, and other invertebrates), vertebrates (fish and amphibians), aquatic plants, etc. When more than one toxicity data can be obtained for each species, the geometric mean value is taken as the final toxicity value. The data screening and water quality criteria derivation were carried out according to the “technical guidelines for the development of freshwater aquatic water quality criteria” (HJ 831-2017) issued by China. The species sensitivity distribution (SSD) method is used to calculate the water quality criteria using the obtained toxicity data. The SSD was fitted using the China-WQC software and the hazardous concentration (HC) of DBP and DEHP were calculated. HC5 refers to concentrations under which the less than 5% of species are affected, that is to say, 95% of the species can be protected from toxicity. Finally, the obtained HC5 is divided by factor two to obtain the water quality criteria value.
Exposure Data Collection and Ecological Risk Assessment
The concentrations of DBP and DEHP in surface water of China were obtained through literature research (Supplementary Table 5). Exposure data were divided into six typical regions of China. These six regions are geographic regions and divided mainly based on the sapling sites of the exposure data. The ecological risks of DBP and DEHP in China’s surface water environments were assessed according to the water quality criteria derived in this study. The hazard quotients (HQs) and probabilistic approaches were used to evaluate the risks of DBP and DEHP. HQ is the quotient of the environmental concentration divided by the derived WQC. If HQ values exceed 1.0, the potential risk exists. First, according to the calculated WQCs and the environmental concentrations (maximum, minimum, and average) in each region, the HQ method was used to evaluate the ecological risk. Then, according to the selected acute and chronic toxicity data and the concentrations (average value) in surface water, the probabilistic approaches were used to evaluate the ecological risk (Qin et al., 2013; K.S et al., 2000). For the probabilistic method, the potential ecological risks were assessed by calculating the overlap area between the exposure and effect curves (Solomon et al., 2000). Log-transformed toxicity data were combined to produce effects concentration distribution curve and log-transformed exposure data are plotted on the same axes as the toxicity data. The overlap area between the curves indicates the risk probability. Software MATLAB (R2014a) was used to calculate the overlap area. Both log transformed toxicity data and log transformed exposure data follow the normal distribution (k-s test). The uncertainty in the ecological risk assessment mainly results from the toxicity data and exposes data.
RESULTS AND DISCUSSION
Water Quality Criteria of Dibutyl Phthalate and Bis (2-Ethlyhexyl) Phthalate for Protection of Aquatic Life
Besides toxicity data of DBP and DEHP from ECOTOX database, in order to derive the WQCs for the protection of aquatic organisms in China, relevant Chinese literature was reviewed to supplement the toxicity data of local species in China, including green algae (Chlorella vulgaris), zebra danio (Danio rerio), Chinese rare minnow (Gobiocypris rarus), and triangular bream (Megalobrame terminalis) (Li et al., 2007; He et al., 2010; Qin et al., 2011; Jia, 2013; Zhang et al., 2015; Liao et al., 2017). The acute and chronic toxicity data of DBP and DEHP are summarized in Table 1. Acute toxicity data of DBP to aquatic life ranged from 0.21 to 16.3 mg/L, and chronic data from 0.014 to 1.0 mg/L. For DEHP, acute data ranged from 0.18 to 1,106.2 mg/L, and chronic data from 0.002 to 23.6 mg/L.
TABLE 1 | Summary of toxicity data and WQCs of DBP and DEHP to aquatic life.
[image: Table 1]The available acute and chronic toxicity data of DBP and DEHP to aquatic organisms meets the data requirements of the guideline (HJ 831-2017). SSDs (as shown in Figure 1) were fitted by China WQC software and HC5s were calculated based on the best fitting model. The derived WQCs for the DBP and DEHP were summarized in Table 1. Results showed that WQCs (both acute and chronic) of DEHP are much lower than those of DBP, indicating that DEHP is more toxic to aquatic life than DBP. The difference of aquatic toxicity between DBP and DEHP emphasizes the necessity to derive the WQCs, respectively, rather than using a uniform WQC for PAEs. According to the reviewed toxicity data, the algae are more sensitive to DBP and DEHP than fishes, which are consistent with the reported literature (Hu et al., 2012).
[image: Figure 1]FIGURE 1 | SSD curves of DBP and DEHP (A. DBP acute data, B. DBP chronic data, C. DEHP acute data, and D. DEHP chronic data).
Fish is one of the most important parts of aquatic ecosystem and fish protection is one of the most important objectives of water ecological protection. In order to analyze the toxicity of DBP and DEHP to fish species, SSDs were fitted using toxicity data only for fish and the corresponding HC5s were calculated, as shown in Figure 2. For DBP, the acute HC5 of fishes is close to that of all aquatic organisms, while the chronic HC5 is much lower than that of all aquatic organisms, suggesting that fishes are more sensitive to the chronic effects than other aquatic species. However, for DEHP, the acute HC5 of fish is three times as much as that of all aquatic organisms, while the chronic HC5 of fishes is 1.5 times that of all aquatic organisms, indicating that fishes are not very sensitive to toxic effects of DEHP. The result is consistent with the reported literature (Mayer and Sanders, 1973; Hu et al., 2012), which means that protecting fish only does not necessarily fully protect aquatic ecosystems.
[image: Figure 2]FIGURE 2 | SSD curves of DBP and DEHP for only fishes (A. DBP acute data, B. DBP chronic data, C. DEHP acute data, and D. DEHP chronic data).
Comparison and Analysis of Water Quality Criteria of Dibutyl Phthalate and Bis (2-Ethlyhexyl) Phthalate
Studies on the WQCs of PAEs have been conducted by the United States, Canada, the European Union, and other countries and regions. Among them, the United States studied PAEs water quality criteria for protection of aquatic organisms in 1980, with the acute WQC low to 940 μg/L and chronic WQC low to 3 μg/L, respectively (USEPA, 1980). However, no WQCs for specific DBP or DEHP has been derived in the national recommended WQC from the USEPA till today. The European Union issued the environmental quality standard (EQS) of DEHP in 2013, and the annual average EQS (AA-EQS) for surface waters was 1.3 μg/L (EU, 2013). Canada issued long-term water quality criteria for DBP and DEHP for protection of aquatic organisms, which are 19 and 16 μg/L, respectively (CCME, 2021). Both the Chinese surface water quality standard (GB3838-2002) and sanitary standard for drinking water (GB 5749-2006) have given the water quality standards for DBP and DEHP, with the same standard values of 3 and 8 μg/L, respectively.
In this study, the acute WQCs of DBP and DEHP were 162.9 and 71.8 μg/L, respectively, indicating that the acute toxicity of DBP and DEHP to aquatic organisms was low, which was consistent with the previous research (Mayer and Sanders, 1973; Hu et al., 2012). In addition, the acute WQCs of DBP and DEHP are much higher than those specified in the environmental standards for surface water in China, indicating that their water quality standards can protect aquatic organisms from acute toxicity. Besides, the chronic WQC of DBP (12.9 μg/L) is higher than the water quality standard of DBP of 3 μg/L, indicating that the water quality standard of DBP can also protect aquatic life from the long-term toxicity of DBP. However, the chronic WQC of DEHP (1.0 μg/L) is lower than the surface water quality standard of 8 μg/L, indicating that the water quality standard of DEHP cannot provide scientific protection for aquatic organisms from the long-term toxicity of DEHP, which is consistent with the conclusion in the previous research (He et al., 2014). The chronic WQC of DBP derived in this study is close to that of Canada, while the chronic WQC of DEHP is close to that of EU but lower than Canada. The differences between them are mainly due to the different biological sensitivity of different areas.
Concentrations and Spatial Distributions of Dibutyl Phthalate and Bis (2-Ethlyhexyl) Phthalate in Surface Water
The exposure data of DBP and DEHP were collected through literature review. The results show that the concentrations of DBP and DEHP in surface water in China are not detected (nd)-133.7 μg/L and nd-148.75 μg/L, respectively (Suppplementary Table 5).
In order to analyze and evaluate the risk levels of DBP and DEHP in different regions of China, the exposure data of DBP and DEHP were divided into six regions and are summarized in Table 2. The concentration ranges of DBP in the Yangtze River basin, Yellow River basin, Huaihe River basin, Northern region, Southeastern region, and Southwest region are 0.013 to 60.7 μg/L, 0.046 to 85.45 μg/L, 0.03 to 133.7 μg/L, 0.01 to 93.87 μg/L, 0.03 to 118.8 μg/L, and 0.18 to 2.11 μg/L, respectively. While the concentration ranges of DEHP in these six regions are 0.01 to 92.4 μg/L, 0.036 to 148.75 μg/L, 0.03 to 68.81 μg/L, 0.043 to 32 μg/L, 0.087 to 99.02 μg/L, and 2 to 52.2 μg/L, respectively. It can be seen from Table 2 that average concentrations of DEHP in all of the six regions are higher than those of DBP.
TABLE 2 | Exposure concentration of DBP and DEHP in six regions (μg/L).
[image: Table 2]The concentrations of DBP and DEHP in several regions abroad are summarized based on the reported literature (Table 3). The results showed that the concentrations of DBP and DEHP in these regions ranged from nd-16.6 μg/L, which was lower than that in China. It shows that the pollution of DBP and DEHP in Chinese surface water is more serious, and more attention needs to be paid to management of PAEs pollution.
TABLE 3 | Exposure concentration of DBP and DEHP in foreign countries (μg/L).
[image: Table 3]Ecological Risk Assessment of Dibutyl Phthalate and Bis (2-Ethlyhexyl) Phthalate in Surface Water in China
Risk Assessment by Hazard Quotients
According to Table 2, the concentrations of DBP and DEHP in surface water in China range from 0.01 to 133.7 μg/L and from 0.01 to 148.75 μg/L, respectively. The ecological risk of DBP and DEHP in six regions in China was assessed by HQ comparing the exposure concentrations and WQCs derived in this study.
The acute and chronic WQCs of DBP derived in this study are 162.9 and 12.9 μg/L, respectively. It can be seen from Figure 3 that the maximum concentrations of DBP in six regions in China are lower than the acute WQC, indicating that the DBP in surface water environment will not cause acute toxicity effect on aquatic organisms. However, all the maximum concentrations of DBP in these regions far exceeded the chronic WQC for DBP, indicating that DBP levels may have caused chronic toxicity effects on aquatic organisms. Therefore, it is necessary to strengthen the environmental management of DBP and take measures to reduce the content of DBP to ensure the health and safety of water ecology in China.
[image: Figure 3]FIGURE 3 | Distributions of DBP and DEHP in six regions in China.
The acute and chronic WQCs of DEHP derived in this study are 71.8 and 1.0 μg/L, respectively. It can be seen from Figure 3 that maximum concentrations of DEHP in two regions are lower than the acute WQC, with four regions exceeding the acute WQC, indicating that the acute ecological risk of DEHP exists and need to be paid attention. Besides, the DEHP concentrations in all these six regions far exceeds the chronic WQC, which indicates that the chronic risk of DEHP is at relatively high level, which indicate that control measures should be taken to prevent the risk.
It could be concluded that the ecological risks of DBP and DEHP in surface water environment in China is at a high level, and it is necessary to further strengthen environmental management.
Risk Assessment by Probabilistic Approaches
As shown in Table 2, the exposure data of DBP and DEHP were divided into six regions and the ecological risk levels were evaluated using probabilistic approaches. As described before, the probability density distribution curves of both log-transformed toxicity data and log-transformed exposure data were plotted on the same axes, and the overlap area between the exposure and effect curves indicates the risk probability.
The chronic risk assessment results of DBP in six regions of Chinese surface water are shown in Figure 4. The overlapping areas calculated for the Yangtze River, Yellow River, Huai River, north, southeast, and southwest were 0.599, 0.33, 0.498, 0.654, 0.461, and 0.481, respectively. Risk probability order of these six regions is north > Yangtze River > Huai River > southwest > southeast > Yellow River, indicating that the probability of chronic toxicity risk of DBP in surface water of northern region is the highest, while that of DBP in the Yellow River basin is the lowest.
[image: Figure 4]FIGURE 4 | Risk assessment of DBP in six regions of China.
The chronic risk assessment results of DEHP in six regions of Chinese surface water are shown in Figure 5. The overlapping areas calculated for the Yangtze River, Yellow River, Huaihe River, north, southeast, and southwest were 0.696, 0.472, 0.519, 0.613, 0.567, and 0.253, respectively. Risk probability order of these six regions is Yangtze River > north > southeast > Huai River > Yellow River > southwest, indicating that the probability of chronic toxicity risk of DEHP in surface water of the Yangtze River is the highest, while that of DEHP in the southeast is the lowest. For both DBP and DEHP, it can be concluded that the chronic risk probability in the Yangtze River and north of Chinese surface water are relatively higher than in other regions. This result is consistent with the possible high risk level of DBP and DEHP in the Yangtze River (Guo et al., 2020), indicating the distribution of PAEs are related to the degree of industrialization and the intensity of human activities (Shen et al., 2010; Huang et al., 2020). While the chronic risk probability in Yellow River and southwest of Chinese surface water are relatively lower, the results show that DBP and DEHP in the Yangtze River basin and the northern region have high ecological risks, which may cause adverse effects on aquatic organisms. Therefore, it is necessary to pay attention to and take measures to protect water ecological security.
[image: Figure 5]FIGURE 5 | Risk assessment of DEHP in six regions of China.
CONCLUSION
This study provides an overview of toxicity data and exposure data of DBP and DEHP in surface water from China based on which the WQCs of DBP and DEHP for protection of aquatic life were derived and the ecological risk of them was evaluated. The following conclusions can be drawn. 1) The acute and chronic WQCs of DBP in Chinese surface water are 162.9 and 12.9 μg/L, respectively. The acute and chronic WQCs of DEHP in Chinese surface water are 71.8 and 1.0 μg/L, respectively. 2) In Chinese surface water, the acute ecological risks of DBP and DEHP are low and these two pollutants would not cause acute effects on aquatic organisms. While the chronic ecological risks of DBP and DEHP are generally higher. In some regions, the concentrations of DBP and DEHP seriously exceed the chronic WQCs, which might cause obvious ecological risk. So it is necessary to take control measures to reduce the DBP and DEHP concentrations and strengthen their environmental management. 3) Risk probability order of DBP in these six regions is north > Yangtze River > Huaihe River > southwest > southeast > Yellow River and the risk probability order of DEHP is Yangtze River > north > southeast > Huaihe River > Yellow River > southwest. For both DBP and DEHP, it can be concluded that the chronic risk probability in the Yangtze River and north of Chinese surface water are relatively higher than in other regions. While the chronic risk probability in Yellow River and southwest of Chinese surface water are relatively lower. The results would provide technical support for the environmental management of PAEs in China.
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