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Abstract

:

Organophosphate esters (OPEs) are frequently used as flame retardants and plasticizers in various commercial products. While initially considered as substitutes for brominated flame retardants, they have faced restrictions in some countries due to their toxic effects on organisms. We collected 37 soil and crop samples in 20 cities along the coast of South China, and OPEs were detected in all of them. Meanwhile, we studied the contamination and potential human health risks of OPEs. In soil samples, the combined concentrations of eight OPEs varied between 74.7 and 410 ng/g, averaging at 255 ng/g. Meanwhile, in plant samples, the collective concentrations of eight OPEs ranged from 202 to 751 ng/g, with an average concentration of 381 ng/g. TDCIPP, TCPP, TCEP, and ToCP were the main OPE compounds in both plant and soil samples. Within the study area, the contaminants showed different spatial distributions. Notably, higher OPEs were found in coastal agricultural soils in Guangdong Province and crops in the Guangxi Zhuang Autonomous Region. The results of an ecological risk assessment show that the farmland soil along the southern coast of China is at high or medium ecological risk. The average non-carcinogenic risk and the carcinogenic risk of OPEs in soil through ingestion and dermal exposure routes are within acceptable levels. Meanwhile, this study found that the dietary intake of OPEs through food is relatively low, but twice as high as other studies, requiring serious attention. The research findings suggest that the human risk assessment indicates potential adverse effects on human health due to OPEs in the soil–plant system along the coast of South China. This study provides a crucial foundation for managing safety risks in agricultural operations involving OPEs.
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1. Introduction


Due to their persistence, long-distance atmospheric transport, bioaccumulation, and toxicity, polychlorinated biphenyls (PCBs) and polybrominated diphenyl ethers (PBDEs) have been globally phased out as flame retardants. Consequently, organophosphorus flame retardants (OPFRs) have emerged as alternative options to brominated flame retardants, experiencing widespread adoption globally in recent decades [1]. Organophosphate esters (OPEs) find widespread application as flame retardants and plasticizers in numerous commercial products, including processed plastics, furniture, electronics, construction materials, vehicles, and within the petroleum industry [2,3]. With the development of global urbanization, the consumption of OPEs has steadily increased. As of 2018, the global consumption of OPEs reached 1.05 million tons, representing over 30% of the total flame retardants consumed worldwide [4]. OPEs are primarily mixed with materials through physical addition rather than chemical combination. Consequently, they can readily enter various environmental mediums through processes like volatilization and wear during production, transportation, application, and disposal [5,6,7,8,9,10,11]. These make them more vulnerable to causing pollution in environmental media. Currently, they are also present in water [12,13,14], soil and sediment [15,16], the atmosphere [17,18,19], rain and snow [20], dust [21,22], animals [23,24,25], and plants [26,27,28]. There are three main ways for OPEs to enter the human body: ingestion, respiration, and skin absorption [29,30,31]. They have certain biological toxicity, including reproductive and developmental toxicity, neurotoxicity, endocrine disrupting effects [32,33,34,35], etc. Additionally, chlorinated (Cl) OPEs have been proven to be carcinogenic [36]. Considering the harmful effects of OPEs, their risk to human health has been re-assessed as pollutants, and they have been restricted in some countries.



At present, many researchers have conducted toxicological and epidemiological studies on OPEs. Abdul Qadeer [37] conducted a comparative analysis of PBDEs and OPEs, focusing on their persistence, bioaccumulation, and toxicity (PBT) characteristics across different domains. Striking similarities and overlap between PBDEs and OPEs in terms of their physical and chemical properties, environmental behavior, and global concentrations were unveiled by the research findings. Both of them exhibit potential for biomagnification, bioaccumulation, and food chain transfer, consequently leading to reproductive issues. The irreversible toxic effects, including oxidative stress, liver dysfunction, DNA damage, neurotoxicity, reproductive abnormalities, carcinogenicity, and behavioral alterations, underscore the regrettable nature of substituting OPEs for PBDEs as flame retardants. Sun [38] used Oryzias latipes as an aquatic model to assess the developmental neurotoxicity of OPEs during its early developmental stages. Through embryonic toxicity experiments, it was demonstrated that exposure to OPEs reduces the hatching rate, delays hatching time, increases the occurrence of deformities, and affects the motor behavior and nervous system development of larval fish. Hammel [39] compared the metabolites of OPEs in urine samples from children before and after vaccination and found that exposure to OPEs may be significantly associated with decreased antibody concentrations after vaccination. The metabolites of OPEs, such as DPrHpP and DEHP, were initially discovered to be linked with an elevated risk of Hysteromyoma in premenopausal women [40]. Liu [41] found that long-term exposure to tri-OPEs such as TnBP, TPhP, TMPP, and EHDPP increased the risk of female plasma and female-specific tumors. Specifically, they discovered that EHDPP can lead to breast cancer, while prolonged exposure to the aforementioned chemicals raises the risk of cervical cancer.



Soil plays a critical role as a primary “sink” for various human-created and natural pollutants on our planet, with the majority of the world’s pollutants ultimately ending up in soil [42]. OPEs, being persistent and with high adsorption potential, tend to accumulate in the soil matrix and readily adhere to soil particles because of their hydrophobic nature [43]. When OPEs enter the soil, they produce complex environmental transport and transformations behaviors, potentially affecting deep soil and groundwater through vertical migration, posing non-negligible risks to the ecosystem and human health. Adsorption and transformation are two essential processes that take place in the soil environment, significantly affecting the bioavailability of plants. These processes play a crucial role in determining the fate and behavior of organic pollutants in soil, ultimately influencing their potential impact on plant health and ecosystem dynamics. Wang measured tri-OPEs in 40 soil samples from the wetland soil of the Laizhou Bay of China and found that the concentration of Σ18tri-OPEs ranged from 137 to 386 ng/g dw, with an average concentration of 282 ng/g [44]. You [45] investigated the contamination of tri-OPEs in Tibetan soils and showed that the concentration of Σtri-OPEs ranged from 29.74 to 73.85 ng/g, with a mean value of 50.80 ng/g. The detection rates of TCPP, TPhP, and EHDPP in the nine tri-OPEs were 100%, and that of TDCIPP was the lowest at 6.25%. Liu [46] detected four tri-OPEs in soil samples from a coking plant in Shanxi: TBP, TCIPP, TCPP, and TEP. In an e-waste dismantling park in South China, the study revealed a concentration range of Σtri-OPEs from 288 to 8.03 × 104 ng/g. TPhP was identified as the main tri-OPE in the soil, with a detection frequency of 84.1% and a median concentration of 1.07 × 104 ng/g. The second most common tri-OPE in the soil was TCPP, which was detected with a frequency of 77.6% and a median concentration of 899 ng/g [47]. The above results indicate that tri-OPEs are commonly found in the soil environment in China.



Research on OPEs in crops is still in the early stages compared to research on their presence in soils. Yu [48] conducted a study on the biotransformation behavior and toxicity of OPEs through hydroponic experiments. The findings revealed that OPEs with lower hydrophobicity exhibited greater ease of translocation to the top. In addition, rice may limit the uptake and translocation of OPEs under the influence of the rhizosphere microbiome. Yu studied the transfer and metabolism of TpCP, TmCP, and ToCP in plants and root microorganisms in rice [49]. The results showed that TpCP and TmCP exhibited greater upward transport compared to ToCP, despite sharing identical molecular weights and similar Kow values. The presence of the rhizosphere microbiota promotes rice growth and to some extent inhibits the translocation of TpCP, TmCP, and ToCP into plant tissues. Deng [27] analyzed the concentration and distribution of seven typical OPEs in soils and crops in the urban/suburban city of Chengdu, China. They found that in urban/suburban quarrying soils in Chengdu, the concentration of Σ7OPEs ranged from 91.24 to 544.9 ng/g. Broad bean was found to be easily enriched with TCPP, celery had a relatively high enrichment of TBEP and TEHP, and cowpea was easily enriched with TEHP. Yolanda Picó [28] analyzed wild plants and vegetables from two urban areas in Saudi Arabia for OPE residues, and the concentrations of OPEs in wild plants versus crops on farms were 51.7 ng/g and 13.4 ng/g. Despite the widespread detection of OPEs in environmental media and human samples [50,51,52], their presence in the environment remains unregulated by environmental quality standards (EQS). Meanwhile, it is essential to develop a cost-effective and efficient treatment method to control OPEs, which are stubborn organic pollutants. Advanced oxidation processes (AOP) like electrochemical oxidation, photochemical oxidation, and photocatalysis have shown great potential in eliminating certain persisting organic pollutants [50,51,52]. Exploring ways to degrade OPEs is an effective solution to tackle the pollution problem in the future.



This study focuses on eight common OPEs, namely tris (2-chloroethyl) phosphate (TCEP), tris (1,3-dichloro-2-propyl) phosphate (TDCIPP), triphenyl phosphate (TPHP), 2-ethylhexyl diphenyl phosphate (EHDPP), tris (2-chloropropyl) phosphate (TCPP), tri-o-cresyl phosphate (ToCP), tri-p-cresyl phosphate (TpCP), and tri-m-cresyl phosphate (TmCP). Among them, chlorinated (halogenated) phosphate esters mainly include TCEP, TDCIPP, and TCPP; aryl phosphate esters include TPHP, EHDPP, and TCP. We previously researched agricultural soils and vegetables in the Yangtze River Delta region [53,54]. In this study, we utilized GC-MS/MS to analyze soil and vegetable samples collected from 20 cities along the coast of South China. Simultaneously, we evaluated the potential ecological risks of OPEs and investigated the impact of different physicochemical properties on OPEs. Additionally, we evaluated the health risks associated with OPE ingestion through different routes to provide fundamental data for the study of OPEs in soils and plants in China.




2. Materials and Methods


2.1. Sample Collection and Preparation


In July 2023, we collected a total of 37 soil and plant samples from agricultural areas in 20 coastal cities in South China. The information regarding the 37 sampling points are presented in Table S1. To ensure that the samples collected are representative, we used the S-shape method to collect the topsoil from a depth of 0 to 10 cm. Additionally, we collected plant samples from various types of leafy vegetables found near the soil samples, including water spinach, pakchoi, sweet potato leaves, and Indian lettuce. By utilizing GPS technology, we were able to accurately record the coordinates of each sampling site. This ensured that our data collection process was precise and reliable. The samples were enclosed in polyethylene kraft paper bags and stored at −40 °C. Subsequently, the samples collected were then freeze-dried using a freeze-dryer (Biocool, Beijing, China) and ground to eliminate any debris. Similarly, plant samples also underwent the process of freeze-drying and grinding. Prior to use, all utensils utilized in this procedure underwent cleaning with deionized water and thorough drying to prevent any potential interference during experimentation.




2.2. Chemical Material and Method


Eight OPEs consisting of TCEP, TcPP, TDCIPP, TPHP, EHDPP, ToCP, TmCP, and TpCP were purchased from AccuStandard (New Haven, CT, USA). The dichloromethane, n-hexane, ethyl acetate, and acetone used in the experiment were all HPLC grade; the Silica gel and anhydrous sodium sulfate were activated in advance. The reagents were purchased from Aladdin (Shanghai, China).




2.3. Sample Extraction and Purification


The procedures of sample extraction and purification have been described in other references [48] and were used with some modifications. The soil and plant samples were extracted with ultrasonic extraction (Supmile, Jiangsu, China). First, 0.5 g of a plant sample was weighed into a 30 mL glass centrifuge tube and extracted with a mixture of hexane, dichloromethane, and acetone (in a ratio of 2:2:1; v/v). Then, 20 mL of the extractant was added, and this was shaken well. The samples were then subjected to extraction using an ultrasonic extraction system for 10 min, followed by centrifugation at 4000 rpm for another 10 min. The above procedure was repeated three times. Then, the three supernatants were combined, and we waited for them to purify. Detailed steps for extracting and purifying plant and soil samples and the total organic carbon (TOC) and pH assays are provided in Text S1.




2.4. Instrumental Analysis


The quantification of OPEs was conducted using a GC-MS/MS (7890A/7000C, Agilent Technologies, Santa Clara, CA, USA) with an HP-5MS quartz capillary column (30 m × 0.25 mm inner diameter × 0.25 μm film thickness). The mass spectrometer used electron bombardment (EI) for ionization, allowing quantitative analysis through ion monitoring (SIM) mode. Detailed information on the ions used for quantification is available in Table S2. The procedure starts by setting the initial temperature to 50 °C for 2 min, then gradually increasing it to 300 °C at a rate of 25 °C per minute and maintaining it at that temperature for 5 min. The transfer line, ion source, and quadrupole temperatures were set at 290, 280, and 150 °C, respectively.




2.5. Ecological Risk and Human Health Risk Assessment


OPEs are typical endocrine disruptors that are widely present in the ecological environment with the continuous advancement of industrialization and urbanization. Soil is a crucial natural resource that serves as the foundation for agriculture and a reservoir for pollutants. The lipophilicity, hydrophobicity, and chemical stability of OPEs make them easily adsorbed in soil [55]. Furthermore, this may pose a threat to the ecological environment and human health through the food chain or other means. Therefore, it is important to conduct timely ecological and human health risk assessments to evaluate their impacts on the ecosystem. The ecological risk assessment in this study followed the methodology outlined by Yadav [16]. In accordance with a model recommended by the US EPA (2011) [56], we conducted an assessment of the human health risks associated with OPE exposure to elucidate the impacts of OPE on human health.



2.5.1. Ecological Risk Assessment


The risk quotient (RQ) method was employed to assess whether the identified levels of OPEs in soil samples would present a risk to environmental targets. The calculation formula is as follows:


  R Q =   M E C     P N E C   s o i l      











The RQ is the ratio of the measured environmental concentration (MEC) to the predicted ineffective concentration (PNEC). The PNEC value for OPEs in soil is derived from data presented in previous literature and reports, as depicted in Table S3. The risk assessment was only performed on chemicals for which the EC50 values were available. The maximum potential ecological risk was evaluated based on common standards: an RQ < 0.1 indicates a lower risk of potential adverse reactions; an 0.1 ≤ RQ < 1 indicates a moderate risk of potential adverse reactions; and an RQ ≥ 1 indicates a higher risk of potential adverse reactions.




2.5.2. Human Health Risk Assessment


Soil pollution risks are categorized into non-carcinogenic and carcinogenic risks, quantified by the hazard quotient (HQ) and carcinogenic risk (CR). The HQ quantifies non-carcinogenic risks, while the CR measures carcinogenic risks. Pollutants in surface soil can pose health risks to humans through ingestion, skin contact, and inhalation pathways. To determine safe exposure levels, we calculated chronic daily intake (CDI) via these pathways using the following formula:


    C D I   i n g e s t   =   C ∗ I R ∗ C F ∗ E D ∗ E F   B W ∗ A T    










    C D I   d e r m a l   =   C ∗ C F ∗ S A * A F ∗ A B S ∗ E D ∗ E F   B W ∗ A T    










    C D I   i n h a l e   =   C ∗ H R ∗ E D ∗ E F   P E F ∗ B W ∗ A T    











To calculate the hazard quotient (HQ), divide the chronic daily intake (CDI) by the reference dose (RfD). When evidence supporting the interaction of OPEs risk is lacking, the total hazard quotient (THQ) can be computed by summing the HQ values of all OPEs:


  H Q =     C D I   i n g e s t     R f D   +     C D I   d e r m a l     R f D ∗ G I A B S   +     C D I   i n h a l e     R f C    










  T H Q =  ∑    H Q   x      











To compute cancer risk (CR), multiply the chronic daily intake (CDI) by the respective cancer slope factor (SFO) for each exposure pathway. Then, sum up the CR values of all OPEs to obtain the total cancer risk (TCR):


  C R =   C D I   i n g e s t   ∗ S F O +   C D I   d e r m a l   ∗   S F O   G I A B S   +   C D I   i n h a l e   ∗ I U R  










  T C R =  ∑    C R   x      










  E D I =     ∑  i = 1   n    C i × D C i     B W    











Prior research failed to assess the inhalation risks associated with OPE exposure due to a scarcity of Reference Concentration (RfC) and Inhalation Unit Risk (IUR) data. Therefore, in this study, the health risk assessment was not conducted on exposure to OPEs through inhalation routes. The parameters for calculating ecological risk, non-carcinogenic risk, and carcinogenic risk are listed in Tables S3 and S4.



For plants, we referred to the risk assessment method adopted by Zhang [57] to assess the risk of OPE exposure to crops in the region. We estimated the daily intake of OPEs through consuming crops using the above formula. Food consumption rates (DC) were established using data from various nationwide surveys conducted in China. [58,59]. BW refers to body weight, and the specific parameters can be found in Table S5, as per the data from USEPA2011 [56].





2.6. Quality Assurance and Quality Control


The limits of quantification (LOQs) were estimated on the basis of a signal-to-noise ratio of 10. The LOQs for eight OPEs in soils were 0.003–0.006 ng/g, and in plants were 0.08–0.13 ng/g.




2.7. Data Processing and Analysis


Statistical analyses were conducted using various software, including Microsoft Excel 2016, Origin 10.6 (OriginLab Inc., Northampton, MA, USA), and SPSS 22.0 (Armonk, IBM, New York, NY, USA). The spatial distribution maps of 8 types of OPEs in soil and plants were mapped using ArcGIS 10.5. Pearson’s correlation analysis was utilized to assess the relationship among OPE concentrations, TOC, and the pH value of the soil.





3. Results and Discussion


3.1. General Characteristics of OPE Concentrations in Soil


Table 1 presents descriptive statistics for OPEs in 37 soil samples collected from coastal areas of South China. In this study, OPEs were found in all soil samples, indicating their widespread presence in the natural environment. The concentration range of the eight OPEs in the soil was 74.7–410 ng/g, and the mean value was 255 ng/g. Among the eight OPEs, the detection rate of TCEP, TcPP, and TDCIPP was 100%, and the detection rates of TPHP, EHDPP, ToCP, TpCP, and TmCP were 97.3%, 78.3%, 83.8%, 73%, and 86.5%, respectively. The extent of the contribution of each OPE in the soil is shown in Figures S1 and S2. Out of the 37 soil samples, TDCIPP had the highest concentration, contributing 12.30–77.65% with a mean value of 51.84%, followed by TcPP, contributing 3.20–59.80% with a mean value of 24.37%, and TCEP, TPHP, EHDPP, ToCP, TpCP, and TmCP contributed 1.73–42.65%, 0–6.85%, 0–24.28%, 0–15.12%, 0–15.23%, and 0–12.28%, with mean values of 10.20%, 3.44%, 2.42%, 2.48%, 2.35%, and 2.90%, respectively. Among the 20 coastal cities investigated in this study, 16 of them had total OPE concentrations higher than the mean value of 225 ng/g in this study, indicating that a certain degree of pollution by OPEs was present in all cities. The average concentrations of the eight OPEs were TDCIPP > TCPP > TCEP > TPHP > ToCP > TmCP > EHDPP > TpCP, with chlorinated OPEs having higher concentrations than arylated OPEs. The presence of OPEs in soil from various regions and countries has been researched and compiled. Nepal is facing significant environmental pollution issue due to the lack of advanced pollution control technologies. The accumulation of significant amounts of consumer goods and construction materials in urban areas leads to high concentrations of OPEs, as proper disposal options are lacking. Σ8OPE concentrations in soil from four cities in Nepal [42] ranged from 24.9 to 2.79 × 104 ng/g, with Kathmandu exhibiting the highest contamination level at a median concentration of up to 662 ng/g. The maximum concentration of OPEs in the urban soils of Bursa, Turkey, reached 468 ng/g [60]. This is mainly due to the high level of industrialization in the region. In China, the soil concentration of OPEs in Dalian was 1.07–288 ng/g [61], with a mean value of 4.23 ng/g. The concentration of OPEs in the soil in Ningbo [62] ranged from 162.7 to 986.0 ng/g, with an average value of 469.3 ng/g. In Guangzhou [63], the concentration of OPEs in the soil ranged from 41 to 1370 ng/g, with an average value of 250 ng/g. The higher contamination of OPEs in this area was primarily attributed to the presence of production enterprises and electronic waste treatment plant aggregation related to OPEs [64]. Elevated concentrations of soil OPEs in urban areas as a result of extensive industrial activities combined with frequent agricultural activities can also aggregate OPEs in agricultural fields. Concentrations of OPEs detected in agricultural soils in the Three Gorges Reservoir area [65] in China were in the range of 52.1–680 ng/g, with a mean value of 266 ng/g. In agricultural soils in Zhejiang [66], these concentrations were in the range of 9.15–132 ng/g, with a mean value of 24.9 ng/g, and in agricultural soils in Jinan [67], the mean value of this parameter, 7.89 ng/g, falls within the range of 2.55 to 17.6 ng/g. Detailed figures are shown in Figure S3. The concentration distribution of OPEs in farmland soils varies across regions. In this study, the concentrations of OPEs ranged from 74.7 to 410 ng/g, averaging 255 ng/g, which is comparable to those found in farmland soils in the Three Gorges Reservoir area of China but higher than those in farmland soils in Zhejiang and Jinan.



By analyzing the sampling sites, it was found that the soil sampling points with higher OPE concentrations were located near automobile repair factories, electrical appliance companies, and furniture companies. OPEs in agricultural soils mainly originate from remote atmospheric transport, atmospheric deposition, air–soil exchange, sewage irrigation, and mulch film application. OPEs in cities enter the soil environment through remote atmospheric transport, atmospheric deposition, and air–soil exchange, and are then adsorbed to the soil [68,69,70,71,72]. Irrigation of sewage containing OPEs is prone to adversely affect agricultural soils [73,74,75], and at the same time, mulch film [76,77] is also oxidized into OPEs in the soil environment, which is then adsorbed by the soil and causes contamination of agricultural soils. The above routes all have an impact on the concentration of OPEs in farmland soil to some extent. In this study, it is speculated that the main sources of OPEs in farmland soil are the diffusion and transportation of urban air and dust, rainfall deposition, irrigation water, and plastic film application.



Of the individual OPEs, TDCIPP, TcPP, and TCEP are the primary residues of the eight OPEs in the studied agricultural soils. The concentration of TDCIPP varied from 16.2 to 245 ng/g, averaging 139 ng/g. The concentration of TcPP varied from 6.17 to 106 ng/g, averaging 55.5 ng/g, and the concentration of TCEP ranged from 3.99 to 154 ng/g, with a mean value of 28.3 ng/g. Some studies have investigated the presence of OPEs in soil: Zhang [78] conducted a study on OPEs in farmland soils of Heilongjiang, Henan, Hubei, and Guangxi. The study found that the average concentration of TCEP was 17.9 ng/g, TcPP was 3.59 ng/g, and TDCIPP was 2.68 ng/g. Wang [79] found that TCEP concentrations in soils across China were relatively higher than in other OPEs, with a minimum value of 0.014 ng/g and a maximum value of 182 ng/ng. Li [66] revealed that TCEP concentrations ranged from 0.321 to 4.96 ng/g in agricultural soils in Zhejiang. Sang [80] discovered concentrations of TCEP, TcPP, and TDCIPP in Beijing’s greenhouses, specifically 0.11 ng/g for TCEP, 6.03 ng/g for TcPP, and 1.17 ng/g for TDCIPP. In this study, the concentrations of TCEP, TcPP, and TDCIPP were significantly higher than those mentioned above. The variations in electronic factory distributions, economic levels, temperatures, and agricultural crop planting and cultivation habits contribute to these differences. TDCIPP, TCEP, and TcPP are the most commonly utilized chlorinated OPEs in flexible and rigid polyurethane foam (PUF) materials [18] as well as in building materials and furniture products. Exogenous contaminating chemicals are usually eliminated in environmental media mainly by two pathways: physicochemical transformation (photodegradation) and biotransformation (biodegradation). For OPEs in environmental media, water-based studies have shown that light degrades alkyl organophosphates (TBOEP, TiBP, and TnBP), but chlorine-containing TCIPP, TCEP, and TDCIPP cannot be eliminated by photodegradation [81,82]. In addition, Kawagoshi [83] showed that OPEs are difficult to biodegrade via biodegradation in both aerobic and anaerobic environments, and thus TCEP and TDCIPP are more likely to accumulate in high concentrations in soil. As additive flame retardants, OPEs can be easily adsorbed into different environmental media and then enter the soil in different ways, and automobile repair shops, electrical appliance companies, and furniture companies in the vicinity of sampling sites may provide a sufficient source of OPEs.



In this study, eight OPEs were mainly categorized into chlorinated OPEs as well as aryl OPEs, with concentrations of chlorinated OPEs ranging from 55.4 to 383 ng/g, with a mean value of 223 ng/g, and concentrations of aryl OPEs ranging from 6.80 to 99.7 ng/g, with a mean value of 32.7 ng/g. Chlorinated OPEs, such as TCPP and TCEP, are commonly found in sewage treatment plant wastewater, stormwater, roadway runoff, surface water, and indoor/outdoor dust as the major OPE species [84,85,86,87]. In addition, the concentration of TCEP is typically the third highest in soil, as a result of its high concentration and persistence in media such as stormwater and dust [16,72]. Alkylated or chlorinated OPEs have been reported to dominate soils in Bursa, Turkey [60]. These reasons may explain why chlorinated OPEs had a higher abundance in our study.




3.2. Regional Differences in OPE Contamination


There exist certain regional differences in the pollution attributes of OPEs due to the relationship between urban activities and agricultural cropping patterns as OPE sources. Figure 1 and Figure 2 display the spatial distribution of ∑8OPE concentrations in order to visualize the concentration distribution. On average, the highest concentration of ∑8OPEs in agricultural soil was in Guangdong Province at 262 ng/g, followed by Fujian Province with 258 ng/g, and the lowest level was in the Guangxi Zhuang Autonomous Region at 211 ng/g. As shown in Figure 1 and Figure 2, a sampling site in Zhongshan City, Guangdong Province, had the highest concentration of ∑8OPEs, which was mainly attributed to the fact that the site was surrounded by companies related to electrical appliances, furniture, and textiles, and all of them were near farmlands with large planting areas, extensive coverage, and frequent agricultural activities. TOC and pH are important properties of solid substrates in the environment, which have a significant effect on the adsorption, transport, and transformation of OPEs [88,89,90]. We determined the soil TOC content and pH of 37 sampling sites. The results revealed a range of TOC content, spanning from a minimum of 0.41 g/kg to a maximum of 36.0 g/kg, with an average of 10.5 g/kg. Similarly, the pH values ranged from a minimum of 5.13 to a maximum of 8.85, with an average of 6.59. The correlations between the eight OPEs and TOC and pH were analyzed using Pearson’s correlation coefficient. The results revealed weak positive correlations between the eight OPEs and total organic carbon as well as pH; however, these correlations did not reach statistical significance (p > 0.05). This suggests that OPEs are not correlated with the organic matter content of soil. This could be attributed to their limited binding capacity with organic matter in soil, which depends on their physical properties and direct interactions.



OPEs are the main contaminants detected in furniture, textiles, and electronics. As additive flame retardants, OPEs are easily volatilized and leached out during production and transportation and then transported through the atmosphere or deposited into agricultural soils. Wastewater from furniture factories and textile factories is discharged without proper treatment and enters agricultural soil through irrigation water [73,74,75]. Meanwhile, the application of mulch film is also a significant source of OPEs in agricultural soils. Mulch film, primarily composed of plastic, contains organophosphate antioxidants that can oxidize into OPEs in soil environments [3,76,77], exacerbating OPE contamination. Furthermore, the concentration of OPEs is notably high in e-waste recycling areas such as Shenyang [91], as well as in urban areas across China. Conversely, the presence of OPEs in agricultural soils is relatively low. The primary reason for the high pollution levels may stem from the rapid expansion of local electronics and furniture industries, leading to significant emissions of OPEs from factories in the area. The relatively high concentration of OPEs in the coastal region of South China when compared to other regions can be attributed to regional variations in the siting of factories, development, and economic and agricultural activities, as well as regional differences in soil types at specific geographic locations. It is crucial that we pay attention to these factors, even if a comprehensive study of OPEs in agricultural soils in the Pearl River Delta has not yet been carried out. Being mindful of these aspects can help us make informed decisions and promote sustainable agriculture in the region. Through a correlation analysis of the major individual OPEs in soil, it was found that the concentrations of TcPP, TCEP, and TDCIPP were positively associated, but not significantly (p > 0.01).




3.3. Overall Characteristics of OPE Contamination in Plants


Table 2 presents the descriptive statistics for the individual and total concentrations of OPEs in plants (vegetables) collected from 37 sampling sites in the coastal areas of South China. The total concentrations of the eight OPEs varied from 202 to 751 ng/g, with an average concentration of 381 ng/g. OPEs were detected in all plant samples, among which TCEP, TcPP, and TPHP were detected at a rate of 100%, followed by TDCIPP at a rate of 97.3%, and the detection rates of the other OPEs were below 90%. The degree of contribution of each OPE in plants is shown in Figure S1. Among the 37 plant samples, in agreement with the soil samples, the TDCIPP concentration was the highest among the eight OPFRs, with values in the range of 0–57.42% and a mean value of 35.31%, followed by TcPP with 5.49–55.46% and a mean value of 29.03%; ToCP, TCEP, TPHP, EHDPP, TmCP, and TpCP contributed 0–51.75%, 1.83–37.34%, 0.77–22.59%, 0–30.79%, 0–47.04%, and 0–1.78%, with mean values of 11.06%, 8.22%, 2.93%, 6.57%, 6.01%, and 0.67, respectively, and TDCIPP, TcPP, and ToCP accounted for 75.4% of the eight OPEs, suggesting that they are the main OPEs in coastal plants in southern China. The statistical analysis indicated no significant correlation between soil OPEs and plant OPEs. Furthermore, it was found that, in contrast to agricultural soils, the accumulation of OPEs in plants was noticeably higher.



Some studies on OPEs in plants have been conducted in China as well as in other countries. Vegetables from China [57], generally contained high levels of OPEs, with an average mean total OPE concentration of 19.35 ng/g, of which TEHP was the highest, with an average of 12.7 ng/g, followed by TCEP, with an average of 4.16 ng/g, which was 1–2 times higher than that from vegetables in Sweden, Belgium, and Australia. This is because the levels of OPEs in water and soil in China are generally higher than those in the aforementioned three countries. Moreover, most OPEs have high water solubility, resulting in increasing accumulation in vegetables from water and soil. TPHP (with an average value of 2.01 ng/g ww) and TCIPP (with an average value of 1.91 ng/g ww) were identified as the predominant OPEs in Belgian and Australian vegetables, respectively. Their concentrations were discovered to exceed those of other OPEs by one to two orders of magnitude [92,93]. In a separate study conducted by Poma in Uppsala, Sweden, it was found that the average concentration of TPHP (0.07 ng/g ww) was significantly lower than the average concentrations of TCEP (0.41 ng/g ww), TDCIPP (0.37 ng/g ww), EHDPP (0.28 ng/g ww), and TCIPP (0.18 ng/g ww) [94]. In addition, green leafy vegetables such as Chrysanthemum coronarium, cauliflower heart, and leeks contain higher levels of OPEs than stem or root vegetables, which may be because these vegetables have a larger area of wax and cuticle and are therefore more likely to be enriched with OPEs [57]. In comparison to results from other research areas, the levels of Σ8OPEs in plants from the coastal region of southern China were typically significantly higher. Differences in the ability of various plant species to accumulate OPEs, as well as variances in time periods and geographic locations, could be the cause of the dissimilarity.



The monomers of OPEs in vegetables were largely consistent with those of OPEs in soil, as shown in Figure S4. TDCIPP, TcPP, and ToCP were the main OPEs in the plants, with an average content of 129 ng/g, 102 ng/g, and 49.5 ng/g, respectively. TDCIPP, TcPP, and TCEP are frequently employed as chlorinated organophosphate esters (OPEs) in the manufacturing of consumer goods, including plastics, electronics, textiles, furniture foams, construction materials, and automotive interiors. The other OPEs in this study are non-halogenated OPEs, which are mainly used as plasticizers, lubricants, defoamers, and other additives, except some are used as flame retardants. Chlorinated OPE levels may be higher due to the presence of electronic, textile, and furniture companies operating near the sampling site for an extended period. Conversely, the limited uptake of non-chlorinated OPEs by plant roots and their low accumulation in soil can be attributed to variations in physical properties, such as hydrophilicity.



OPEs in plants are mostly caused by soil and air deposition and irrigation with sewage, and they are intimately associated with both industrial and agricultural processes. Also demonstrating geographical specificity are the pollution features of OPEs in plants. Figure 3 and Figure 4 depict the regional distribution of OPEs in plants in South China’s coastline region. The results were different from those of the spatial distribution of soil, with the highest average concentration of OPEs in plants in the Guangxi Zhuang Autonomous Region, 486 ng/g, followed by Fujian Province, 386 ng/g, and lastly Guangdong Province, 363 ng/g. The regional differences between plants and soils may be due to the differences in the crop types and planting environments, but there are few studies on the relationship between OPEs in plant–soil systems in different regions. Therefore, it is difficult to compare our results with other studies, and further research on the mechanism is needed in the future.



A strong association (p < 0.05) was found between TDCIPP and ToCP in the main OPEs (TDCIPP, TcPP, ToCP, and TCEP) in coastal agricultural plants in South China. This implies that some OPEs might have comparable input paths and sources. The overall content of OPEs in South China’s coastal soils and plants did not differ significantly (p > 0.05). This may be attributed to the complexity of the origins of OPEs in plants, as they can potentially absorb these compounds from sources other than soil.




3.4. Ecological Risk and Human Risk Assessments of OPEs


Since there is no international environmental health standard for OPEs, there are few reference data available, and in this study, only some relevant data are available for TCEP, TDCIPP, TPHP, and EHDPP, so the following ecological risk assessment is performed only for the four OPEs mentioned above, and the non-carcinogenic risk assessment is performed only for TPHP, TCEP, and TDCIPP in soil, the carcinogenic risk assessment is performed only for TCEP and TDCIPP, and the EDI calculations are performed only for TCEP, TDCIPP, and TPHP in plants.



The ecological risk assessment of OPEs in the soil of the coastal areas of South China was calculated using a risk quotient (RQ), and the detailed results are shown in Table S6. Based on the obtained RQ value, the combined toxicity of OPEs in the soil was evaluated by adding up each substance at each sampling point. The findings indicated that the aggregate RQ values for the four OPEs fell within the range of 0.13 to 2.77. Among them, 21.6% of the soil had a total RQ value greater than 1, indicating high risk, while the rest was within the range of 0.1 to 1, indicating moderate risk. The 37 sampling points are all located in high-risk or medium-risk areas, all of which are economically developed or concentrated areas with frequent human activities, indicating that frequent human activities and rapid economic development pose potential threats to the ecosystem. Figure 5 shows that only one sampling point for EHDPP had an RQ exceeding 1, indicating high ecological risk, while for TCEP, TDCIPP, and TPHP, 10.8%, 89.2%, and 78.4% of the points, respectively, had RQs ranging from 0.1 to 1, indicating moderate risk.



Due to the lack of reliable toxicity data, health risks were evaluated for only some of the OPEs. Moreover, since we only have parameters related to the ingestion and dermal contact of OPEs, we did not conduct carcinogenic and non-carcinogenic risk assessments for other pathways. The non-carcinogenic risk of soil was calculated for a total of three OPEs based on the available RfD values, as shown in Table S7A, and the total HQs for the three compounds ranged from 7.55 × 10−3 to 0.15 and 1.96 × 10−3 to 2.74 × 10−2 for children and adults, with mean values of 3.90 × 10−2 and 1.01 × 10−2, respectively. The HQ values for children were found to be higher than those for adults, indicating that children may be more vulnerable to non-carcinogenic risk threats compared to adults. However, both HQ values fell below 1, indicating a low non-carcinogenic risk posed by OPEs in the soil of the coastal region of South China.



In terms of the individual compounds, as depicted in Figure 6 and Table S7B–D, TCEP (children 1.42 × 10−2, adults 3.69 × 10−3), TDCIPP (mean value: children 2.44 × 10−2, adults 6.35 × 10−3), and TPHP (mean value: children 3.98 × 10−4, adults 1.04 × 10−4), with the highest HQ for TDCIPP, were found, followed by TCEP and TPHP. Among the different modes of exposure, for TCEP (ingestion: 6.70 × 10−3 for children and 1.23 × 10−3 for adults; dermal contact: 7.50 × 10−3 for children and 2.46 × 10−3 for adults), TDCIPP (ingestion: 1.15 × 10−2 for children and 2.12 × 10−3 for adults; dermal contact: 1.29 × 10−2 for children and 4.23 × 10−3 for adults), and TPHP (ingestion: 1.88 × 10−4 for children and 3.46 × 10−5 for adults; dermal contact: 2.10 × 10−4 for children and 6.90 × 10−5 for adults), the risk of exposure to OPEs through dermal contact was higher than that of soil ingestion. This suggests that dermal contact serves as the primary exposure route. This result is consistent with previous risk assessments of soil [95,96]. The carcinogenic risk assessment of TCEP and TDCIPP in soil is shown in Figure 7 and Table S8. The total CR values for children and adults ranged from 1.74 × 10−7 to 2.38 × 10−6 and 2.19 × 10−7 to 2.94 × 10−6, with mean values of 9.22 × 10−7 and 1.53 × 10−6, respectively. CR values falling below 10−6 are classified as very low carcinogenic risk, while those ranging between 10−6 and 10−4 are considered low, between 10−4 and 10−3 are classified as medium, between 10−3 and 10−1 as high, and those exceeding 10−1 as very high carcinogenic risk. The adult group has more carcinogenic risk than children, which may be since adults have been ingesting pollutants for a longer period than children. Overall, the CR values for all samples range between CR < 10−6 or 10−6 < CR < 10−4, indicating a low carcinogenic risk for both children and adults.



Due to limited studies on the health risks of OPEs in plants, we assessed their potential threat to humans by calculating the dietary intake of OPEs through food consumption. This intake was then compared to the reference dose (RfD) (ng/kg bw/day). Table 3 shows the dietary intake data of OPEs in children and adults.



The estimated daily intake (EDI) range for total children OPEs varied from 239.46 to 1708.1 ng/kg bw/day, with an average of 984.03 ng/kg bw/day. For total adult OPEs, the EDI range was between 244.80 and 1746.1 ng/kg bw/day, averaging 1005.9 ng/kg bw/day. Among individual OPEs, TDCIPP and TCEP exhibited the highest exposure doses. Comparing the EDI values of OPEs with their reference doses per day (RfDs), RfDs were calculated by dividing the chronic NOAEL (no observed adverse effect level) by 1000 (safety factor). In this study, three compounds were exposed at levels lower than their RfD values. Although the exposure levels of several compounds mentioned above were lower than their RfD values, the mean EDI value for adults in the study of Zhang [57] was 539 ng/kg bw/day, which was double that in the present study and deserves serious attention.



To our knowledge, there is limited literature on OPE concentrations in foods. As a result, this study may underestimate the risk assessment of the selected OPEs due to the small number analyzed, with other potential OPEs in foods not considered. Therefore, we cannot disregard the potential threat of exposure to mixed OPEs, despite the observed levels being considerably lower than their respective RfD values.





4. Conclusions


This study presents an assessment of OPE contamination in crops and agricultural soils in the South China coastal region. OPEs were detected at 37 sampling sites in both farmland soils and crops, with concentrations exceeding those in other regions. This suggests that rapid urbanization and frequent farming in coastal South China might have led to more OPEs building up in the environment. It is worth noting that the concentrations of OPEs in plants were higher than in soil, indicating a potential trend of OPE accumulation in plants over time, likely attributed to bioaccumulation. The ecological risk assessment of 37 sampling sites predominantly indicated high or medium risks. However, both non-carcinogenic and carcinogenic assessments indicated low risks associated with organophosphate esters (OPEs) in the soil along South China’s coastal region. Notably, dermal contact emerged as the primary exposure route. EDI calculations showed that, although the exposure level of OPEs was relatively low in comparison with the RfD, it was twice as high in the present study compared with the other studies. Excessively high concentrations of OPEs require a comprehensive understanding of their environmental impacts and potential threats to human health. Future research should prioritize reducing OPE exposure in plants consumed in diets to ensure agricultural safety and ecosystem health. We recommend planting crop varieties with low OPE accumulation to minimize the bioaccumulation of OPEs in crops. Meanwhile, in recent years, microplastics (MPs) have received widespread attention as an increasingly serious environmental problem [97], and OPEs, as flame retardants and plasticizers, are closely related to the existence of microplastics. Xing [98] researched how different sizes and amounts of polystyrene MNPs affect the absorption of eight types of OPEs in rice seedlings through hydroponic experiments. The findings revealed that MNPs can change how OPEs are absorbed, transported, and stored in rice seedlings. However, there are not yet many studies about how MNPs take in and store OPEs in soil and plants. We will focus on this in the future to continue our research.
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Figure 1. Spatial distribution of OPEs in soils from 20 coastal cities in South China. 
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Figure 2. Concentration of eight OPEs in soils from 20 coastal cities in South China. 
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Figure 3. Spatial distribution of OPEs in plants collected in 20 cities along the coast of South China. 
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Figure 4. Concentration of eight OPEs in plants collected in 20 cities along the coast of South China. 
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Figure 5. Ecological risks of each monomer of OPEs and total OPEs in the coastal areas of South China. 
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Figure 6. Hazard quotient (HQ) was employed to assess non-carcinogenic risk posed by OPEs in soils. Data points on graph represent the HQ values at each sampling site. Object: adult; pathway: ingestion (a). Object: children; pathway: ingestion (b). Object: adult; pathway: dermal contact (c). Object: children; pathway: dermal contact (d). 
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Figure 7. Carcinogenic risk values (CR) were employed to assess potential carcinogenic risk due to TCEP and TDCIPP in soils. Data points on graph represent CR values at each sampling site. Object: children and adults; pathway: ingestion (a). Object: children and adults; pathway: dermal contact (b). The auxiliary lines with CR values of 10−6. 






Figure 7. Carcinogenic risk values (CR) were employed to assess potential carcinogenic risk due to TCEP and TDCIPP in soils. Data points on graph represent CR values at each sampling site. Object: children and adults; pathway: ingestion (a). Object: children and adults; pathway: dermal contact (b). The auxiliary lines with CR values of 10−6.



[image: Toxics 12 00286 g007]







 





Table 1. Concentrations of Σ8OPEs (ng/g, dw) were measured in 37 agricultural soil samples located in South China’s coastal region.
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	Compound
	Detection Rate (%)
	Mean
	Median
	Min
	Max





	TCEP
	100
	28.3
	16.7
	3.99
	154



	TcPP
	100
	55.5
	62.9
	6.17
	106



	TDCIPP
	100
	139
	154
	16.2
	245



	TPHP
	97.3
	7.96
	7.57
	-
	16.5



	EHDPP
	78.3
	6.30
	4.04
	-
	71.9



	ToCP
	83.8
	6.76
	4.85
	-
	51.8



	TpCP
	73.0
	5.23
	3.44
	-
	30.3



	TmCP
	86.5
	6.43
	5.26
	-
	35.2



	Σ8OPEs
	100
	255
	264
	74.7
	410







Note: “-”, below the limit of quantification.













 





Table 2. Concentrations of Σ8OPEs (ng/g, dw) in 37 vegetable samples located in South China’s coastal area.
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	Compound
	Detection Rate (%)
	Mean
	Median
	Min
	Max





	TCEP
	100
	30.9
	19.1
	5.47
	157



	TcPP
	100
	102
	105
	14.1
	177



	TDCIPP
	97.3
	129
	134
	-
	226



	TPHP
	100
	11.3
	7.05
	2.94
	121



	EHDPP
	83.8
	29.3
	19.3
	-
	231



	ToCP
	64.9
	49.5
	18.0
	-
	182



	TpCP
	72.2
	2.44
	2.70
	-
	7.44



	TmCP
	64.9
	26.1
	5.16
	-
	278



	Σ8OPEs
	100
	381
	350
	202
	751







Note: “-”, below the limit of quantification.













 





Table 3. Estimated daily dietary intakes (EDI, ng/kg bw/day) of OPEs and corresponding RfD values.
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Compound

	
Children

	
Adult

	
RfD ng/kg bw Day




	
Max

	
Min

	
Mean

	
Max

	
Min

	
Mean






	
TCEP

	
904.12

	
31.360

	
177.53

	
924.27

	
32.060

	
181.49

	
22,000




	
TDCIPP

	
1296.2

	
0.0000

	
741.75

	
1325.1

	
0.0000

	
758.28

	
15,000




	
TPHP

	
694.93

	
16.850

	
64.740

	
710.41

	
17.230

	
66.180

	
70,000




	
Σ3OPEs

	
1708.1

	
239.46

	
984.03

	
1746.1

	
244.80

	
1005.9

	
na a








a RfD value is not available.
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