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Although siloxanes are contaminants of emerging concerns, limited studies have been conducted on contamination and time trends in siloxanes from aquatic environments worldwide. To date, most previous studies have focused on the environmental relevance of cyclic siloxanes in coastal environments. In the present study, cyclic and linear siloxanes were measured in sediment collected from semi-enclosed bays in Korea in 2013 and 2021 to assess occurrence, spatial distribution, temporal trends, and ecological risks. Almost all siloxanes were detected in all sediment samples, indicating continuous contamination for the last decade. The concentrations of cyclic siloxanes in sediment were approximately two times higher than those of linear siloxanes. Decamethylcyclopentasiloxane (D5) and dodecamethylcyclohexasiloxane (D6) were predominantly detected in all sediment samples, possibly due to their high consumption and strong resistance. The overall concentrations of siloxanes in sediment gradually decreased from inner to outer parts of the bays, suggesting that industrial activities largely contributed to siloxane contamination. Moreover, the highest concentrations of siloxanes in both sampling years were observed in sediment near the outfall of wastewater treatment plant, implying a potential source in the coastal environment. Siloxane concentrations in sediment were significantly correlated with sedimentary organic carbon. The concentrations of siloxanes in sediment were not significantly different between 2013 and 2021, indicating ongoing contamination. The concentrations of D5 and D6 in our sediment samples showed a limited potential to pose a threat to benthic organisms.
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1 Introduction

Siloxanes have been widely used in various industrial and consumer products, including electronics, furniture, medical products and equipment, cosmetics, personal care products, and kitchen appliances, due to their weak surface tension and excellent thermal stability (Horii et al., 2021; Xiang et al., 2021). Widespread consumption of siloxanes in a great variety of applications has resulted in their widespread detection in different environmental compartments, namely, atmosphere, water, soil, and deposited material (Wang et al., 2015; Lee et al., 2018a; Xiang et al., 2021; Horii et al., 2022a). Furthermore, even in environmental compartments from remote areas, cyclic siloxanes have been observed due to long-distance migration (Sanchís et al., 2015; Lee et al., 2019a; Panagopoulos et al., 2020; Gerhards et al., 2022). Although there is some debate on the biomagnification potentiality of siloxanes in food chains, they are certainly bioaccumulated in various species (Jia et al., 2015; Guo et al., 2021; Kim et al., 2022). Accumulated evidence indicates that several siloxanes have adverse health effects on the nervous, immune, endocrine, and reproductive systems of organisms as well as ecological risks (Wang et al., 2013a; Guo et al., 2021; Bernardo et al., 2022; Feng et al., 2022). Contamination and potential negative effects of siloxanes on organisms and humans are of increasing concern (Cheng et al., 2021; Horii et al., 2022a; Zhu et al., 2023).

Aquatic environments serve as the final reservoir of anthropogenic pollutants (He et al., 2021; Tong et al., 2022). The widespread addition of siloxanes in personal care products (PCPs) and other daily necessities leads to the enrichment of large amounts of siloxanes in domestic wastewater (Jin et al., 2016; Pelletier et al., 2022). Industrial wastewater discharge is also an important source of siloxanes in aquatic environments (He et al., 2021; Horii et al., 2022a). Although wastewater treatment plants (WWTPs) attempt to remove organic pollutants, including siloxanes, from wastewater, siloxanes in wastewater cannot be completely removed regardless of treatment methods applied (Lee et al., 2014a; Lee et al., 2014b; Guo et al., 2019; Horii et al., 2022a). Siloxanes are easily adsorbed on suspended particles and eventually deposit into underlying sediment (Wang et al., 2013b; Zhang et al., 2018; Pelletier et al., 2022). Thus, sediment acts as an important sink for siloxane contamination in the aquatic ecosystem (Mackay et al., 2015; Chen et al., 2022).

Higher siloxane concentrations have been observed in sediment from densely populated areas or industrialized coastal zones (Moon et al., 2008a; Lee et al., 2018a; He et al., 2021). However, limited studies have been conducted on the temporal trends of siloxanes in the aquatic sedimentary materials (Horii et al., 2022a; Liu et al., 2022). Since the 1970s, industrial complexes, such as petrochemicals, automobiles, chemical manufacturing, and ferrous and non-ferrous forging factory, have been constructed along the coastlines of Korea (Moon et al., 2008b; Lee et al., 2020a). Thus, it is essential to investigate the contamination, environmental behavior, and temporal trends of siloxanes in the coastal ecosystems related to industrial activities. In this study, linear and cyclic siloxanes were detected in sediment from industrialized bays and near the WWTP outfall to investigate pollutant profiles, source tracking, and time trends. The results could enhance our understanding for the key factors affecting the environmental distribution of siloxanes from sedimentary materials. Moreover, the results on time trends would support the necessity of implementing emission regulations as well as assessing future restrictions on siloxanes.




2 Materials and methods



2.1 Sampling

Sediment [0–4 cm depth, sedimentation rate was 0.54 cm/year (Lee et al., 2018a)] was collected at the same stations in Masan Bay (n=48), Haengam Bay (n=16), and the other outer parts of the bays (n=16), Korea in 2013 and 2021 (Figure 1). Sediment samples (n = 28) were additionally gathered around the outfall of WWTP to explore potential sources and the impact of effluents to the bay. A Van Veen grab sampler was used to collect sediment samples. Sediment samples were frozen during transportation to the laboratory, freeze-dried in the laboratory, and stored at –4°C.




Figure 1 | Sampling locations of sediment from Masan and Haengam Bays of Korea and around the submarine outfall of a wastewater treatment plant (enlarged map) collected in 2013 and 2021.






2.2 Sample pretreatment and analysis

Sample pretreatment procedures, compounds, reagents, and instruments have referred to our published studies (Lee et al., 2018a; Chen et al., 2022). Briefly, we added mass-labelled D4, D5, and D6 (200 ng each) as internal standards to the sediment samples. Then, samples were extracted through accelerated solvent extraction (ASE) by dichloromethane under 1500 psi and 100°C. Sulfur in sediment samples was removed by adding copper activated by concentrated hydrochloric acid. Each extract was quantified to 1 mL of hexane through nitrogen stream for instrumental detection.

Siloxanes were analyzed (D4–D7 and L4–L16) by gas chromatography mass spectrometry (GC-MS; Agilent 7890/5975C, Wilmington, TX, USA). The instrument was installed with a DB-5MS capillary column (30 m, 0.25 mm i.d., 0.25 µm f.t.). Setting parameters for the analytical instrument have been referred to published literature (Lee et al., 2018a; Chen et al., 2022). Briefly, the instrument temperature rise procedure was as follows: 40°C for 2 min – 220°C at 20°C/min – 280°C at 5°C/min – 300°C for 5 min. The internal standard method was implemented for the quantification of D4–D6, while the external standard method was implemented for the quantification of D7 and linear siloxanes (L4–L16) due to the unavailability of commercial mass-labelled standards. Detailed MS parameters of quantification and confirmation of targeted siloxanes are included in Table S1.

In addition, the contents of total organic carbon (TOC) in sedimentary materials were measured by Elemental Analyzer.




2.3 Quality control

Due to the widespread consumption of siloxanes, certain levels of siloxanes inevitably exist in the indoor environment compartments (Lee et al., 2018a; Chen et al., 2022). To avoid background contamination, a strict quality control (QC) protocol was implemented throughout the experiment and the GC-MS instrumentation (Chen et al., 2022). Cosmetics and PCPs were prohibited from being contacted by laboratory personnel during the entire experimental procedure, and all experimental appliances were precleaned with acetone. Procedure blank samples (n=12) were prepared during the experiment to check for background contamination, and the range of siloxanes in the blank sample was from<LOQ (D7) to 15.7 (D5) ng/g dry weight (dw). The values in procedural blanks were subtracted from the concentrations measured in real sediment samples. Matrix-spiked sample test was performed on eight sediment samples to assess the matrix effect. The recoveries of matrix-spike samples were in the ranges of 73%–114% (mean: 101%) for cyclic siloxanes and 65%–70% (mean: 68%) for linear siloxanes. The limits of quantification (LOQs) ranged from 0.0002 (D4) to 2.77 (L15) ng/g dw. Details of the QC results implemented in this study are presented in Table S1.




2.4 Potential ecological risk assessment

The hazard quotients (HQ) were implemented to explore the ecological risk of siloxanes in sediment to benthos, using previous literature as references (Nika et al., 2020; Liu et al., 2022). Based on the scarce toxicity literature, only three cyclic siloxanes (D4, D5, and D6) in the sediment were assessed for ecological risk using following equation:

	

where the MEC (ng/g) represents the measured concentrations of siloxane in sedimentary materials, and the PNECsediment (ng/g) is the predicted no-effect concentration in sedimentary materials, which were obtained from previous studies (Redman et al., 2012; Homem et al., 2017; He et al., 2021; Liu et al., 2022). The PNECsediment cited in the present study for D4, D5 and D6 were 1.30 × 103, 6.90 × 103, 4.84 × 103 ng/g dw, respectively. An HQ ≥ 1.0 indicates the presence of ecological risk, while HQ< 1.0 indicates no ecological risk (Liu et al., 2022).




2.5 Statistical analysis

Statistical analysis was implemented for siloxanes with a detection rate greater than 50% in sediment samples. Quantitative results for individual congeners below LOQs were replaced by 0. Spearman correlation analysis was implemented to explore the relationships between siloxane congeners, as well as the relationships between siloxane levels and TOC contents. Mann Whitney U-test was used to compare statistical differences in siloxane levels caused by spatial and temporal trends. We carried out the statistical analyses with SPSS 23.0 software.





3 Results and discussion



3.1 Sedimentary concentrations of siloxanes

Siloxane concentrations in sediment from Masan and Haengam Bays in Korea are presented in Table 1. Regardless of the sampling locations and years, detectable levels of siloxanes were observed for all sediment samples, asserting continuous contamination in industrialized coastal bays (Chen et al., 2022; Horii et al., 2022a). Among the 17 congeners, D5, D6, L7, L8, L9, L10, L11, L12, and L13 showed higher detection rates (> 80% of total samples) for all sediment samples. D4, D7, L5, L6, and L14 showed moderate detection rates, ranging from 15% to 70%. Some linear siloxanes, such as L4, L15, and L16, were hardly detected (< 6%) for sediment samples, indicating they are rarely used in Korea.


Table 1 | Summary of concentrations (ng/g dry weight) of cyclic and linear siloxanes in sediment collected from Masan and Haengam Bays of Korean in 2013 and 2021.



The concentrations of ƩSiloxane in sediment collected in 2013 and 2021 ranged from 19.1 to 2995 (mean: 464) ng/g dw and 4.23 to 2464 (mean: 455) ng/g dw, respectively. No statistical differences were observed for the ƩSiloxane concentrations in sediment between 2013 (median: 279 ng/g dw) and 2021 (median: 297 ng/g dw). The TOC contents of sediment samples excavated in 2013 and 2021 ranged from 0.90% to 4.05% (mean: 2.14%) and from 0.99% to 2.54% (mean: 1.75%), respectively. The TOC contents in sediment collected in 2021 were conspicuously (p< 0.01) lower than those collected in 2013, suggesting decreasing trends in land-based organic matters. This trend may be attributed to domestic regulatory actions (e.g., Total Pollution Load Management System) implemented by the Korean government for Masan and Haengam Bays (Jin et al., 2016; Shen et al., 2018; Kim et al., 2020). Despite a decreasing TOC trend in sediment between both years, siloxane concentrations in sediment were maintained during eight years. Considering the strong affinity of siloxanes with sedimentary TOC (Lee et al., 2018a; Horii et al., 2022a), the increased contamination by siloxanes could be suggested. Previous report has also confirmed that the pollution levels of siloxanes historically increased in an industrialized bay of Korea since the 1970s (Lee et al., 2018a). In contrast to siloxanes, concentrations of persistent organic pollutants (POPs), including brominated flame retardants, polychlorinated dibenzo-p-dioxins and dibenzofurans (PCDD/Fs), and polychlorinated naphthalenes (PCNs), declined in sediment from developed industrial bays of Korea during the last two decades due to global and domestic regulations (Moon et al., 2008a; Jin et al., 2016; Lee et al., 2022b).

The concentrations of ƩCyclic and ƩLinear in sediment collected in 2013 ranged from 8.59 to 2092 (mean: 313) ng/g dw and 1.58 to 1371 (mean: 151) ng/g dw, respectively. Similarly, the concentrations of ƩCyclic and ƩLinear in sediment collected in 2021 ranged from 2.69 to 1577 (mean: 299) ng/g dw and 0.478 to 888 (mean: 156) ng/g dw, respectively. ƩCyclic levels in sediment were approximately two times higher than those of ƩLinear, consistent with published literature (Lee et al., 2019b; Zhi et al., 2019; Chen et al., 2022). This suggests that cyclic siloxanes contribute to the majority of consumption market in the global and Korean markets. In fact, cyclic siloxanes (including D4, D5, and D6) are highly consumed chemicals worldwide and they have been listed as “High Production Volume Chemicals” (US EPA (United States Environmental Protection Agency), 2021; Xiang et al., 2021; Liu et al., 2022).

Among 17 siloxane congeners, the highest level was found in sediment for D5 (mean: 186 and 186 ng/g dw in 2013 and 2021, respectively), followed by D6 (mean: 116 and 103 ng/g dw in 2013 and 2021, respectively). The results are probably due to the extensive use and strong stability for environmental processes of cyclic siloxanes compared to others (Lee et al., 2018a; Horii et al., 2022a). Among linear congeners, the highest level in sediment was found for L13 (mean: 42.1 and 36.2 ng/g dw in 2013 and 2021, respectively), followed by L10–L12, which had relatively high concentrations. Published studies have also reported high concentrations of L10–L13 relative to other linear congeners in sediment from the Korean Industrial Bays (Lee et al., 2018a; Lee et al., 2019b; Chen et al., 2022).

Clear correlations existed among siloxanes in sedimentary materials from Masan and Haengam Bays in 2013 and 2021 (r = 0.321–0.996, p< 0.05) (Table S2). ƩCyclic concentrations were significantly correlated with those of ƩLinear (r = 0.935, p< 0.001 in 2013; r = 0.948, p< 0.001 in 2021), suggesting that cyclic and linear congeners have similar sources and environmental behaviors in aquatic environments. TOC contents were statistically correlated with ƩCyclic levels (r = 0.605, p< 0.001 in 2013; r = 0.654, p< 0.001 in 2021) and ƩLinear levels (r = 0.515, p< 0.001 in 2013; r = 0.653, p< 0.001 in 2021). Moreover, almost all siloxanes showed significant correlations with TOC (r = 0.330–0.679, p< 0.005).




3.2 Global pollution status of siloxanes in sedimentary materials

The levels of siloxanes in sediment were compared with those in published literature to assess the contamination status of siloxanes in sediment observed in this study (Table S3). We focused on siloxanes in sediment excavated after 2010 to ensure a purposeful investigation. Although the numbers of measured siloxanes in previous studies varied, we found that the dominant siloxanes in sediment were comparable to those detected in this study. The sedimentary levels of siloxanes in this study were located within the ranges presented in global research results. The ƩCyclic levels in our sediment samples (mean: 313 ng/g dw in 2013, 299 ng/g dw in 2021) were higher than those reported in rivers, lakes, industrial bays and oil fields in China (170–257 ng/g dw; Zhang et al., 2018; Zhi et al., 2018; Zhi et al., 2019; Liu et al., 2022) and Korean industrial bays (219–245 ng/g dw; Lee et al., 2018a; Lee et al., 2019a). The overall ƩCyclic concentrations in this study were 10 to 1000 times higher than those reported in rivers and along the Korean coasts (3.39–106 ng/g dw; Wang et al., 2021; Chen et al., 2022; Kim et al., 2022), freshwater from China (28.5–58.1 ng/g dw; Zhi et al., 2018; He et al., 2021; Jiang et al., 2022), rivers near Tokyo Bay in Japan (71.9 ng/g dw; Horii et al., 2022b), river water in Spain (3.39 ng/g dw; Sanchís et al., 2013), and river water in Canada (50.9 ng/g dw; Pelletier et al., 2022). In contrast, our results were lower than those observed in sediment from Tokyo Bay, Japan (905 ng/g dw; Horii et al., 2022b), waters in Zhangjiagang, Kunming, and Beijing, China (978–1035 ng/g dw; Jiang et al., 2022), Rubí Brook, Spain (2070 ng/g dw; Sanchís et al., 2013), and waters in northern Vietnam (2518 ng/g dw; Nguyen et al., 2022).

The levels of ƩLinear (mean: 151 ng/g dw in 2013, 156 ng/g dw in 2021) in sedimentary materials observed in this study were similar to or higher than those presented in rivers and Korean coasts (9.38–85.5 ng/g dw; Lee et al., 2019b; Wang et al., 2021; Chen et al., 2022; Kim et al., 2022), rivers and lakes in China (12.2–146 ng/g dw; Zhi et al., 2019; He et al., 2021; Jiang et al., 2022), and rivers near Tokyo Bay, Japan (117 ng/g dw; Horii et al., 2022b). By comparison, our results showed that the ƩLinear concentrations in this study were obviously lower than those detected in rivers and oil fields in China (165–1558 ng/g dw; Zhi et al., 2018; Zhi et al., 2019; Jiang et al., 2022), Korean industrial bays (467 ng/g dw; Lee et al., 2018a), and Tokyo Bay, Japan (1310 ng/g dw; Horii et al., 2022b). Pollution levels of siloxanes in the aquatic environment from different research areas has varied significantly, which may be affected by regional sources and/or industrial demand (Lee et al., 2018a; Chen et al., 2022).




3.3 Spatial distribution of siloxanes

The spatial distribution of siloxanes in sedimentary materials from the Masan and Haengam Bays, Korea collected in 2013 and 2021 is shown in Figure 2A. In 2013, sediment from Masan Bay (ƩCyclic: 192 ng/g dw; ƩLinear: 69.5 ng/g dw) and Haengam Bay (ƩCyclic: 162 ng/g dw; ƩLinear: 81.2 ng/g dw) showed similar siloxane levels, while offshore waters had the lowest concentrations (ƩCyclic: 19.7 ng/g dw; ƩLinear: 18.7 ng/g dw). The most severe siloxane contamination was observed in sediment near the outfall of a WWTP (ƩCyclic: 600 ng/g dw; ƩLinear: 312 ng/g dw). In 2021, the siloxane levels in sediment from Masan Bay (ƩCyclic: 228 ng/g dw; ƩLinear: 109 ng/g dw) and Haengam Bay (ƩCyclic: 246 ng/g dw; ƩLinear: 112 ng/g dw) were statistically higher than those measured in offshore waters (ƩCyclic: 28.2 ng/g dw; ƩLinear: 21.0 ng/g dw). By contrast, sediment near the WWTP outfall (ƩCyclic: 494 ng/g dw; ƩLinear: 277 ng/g dw) had the highest concentration. These results confirmed that the pollution sources of siloxanes are primarily originated from industrial and WWTP activities in the coastal environment, which is consistent with the distribution of other organic pollutants reported from the published literature (Moon et al., 2008a; Moon et al., 2008b; Jin et al., 2016; Kim et al., 2020).




Figure 2 | The spatial distribution of cyclic and linear siloxanes in sediment from Masan and Haengam Bays of Korea and around the submarine outfall of a wastewater treatment plant collected in 2013 and 2021. (A) Concentrations of cyclic and linear siloxanes in sediment from four coastal zones in our study collected in 2013 and 2021. (B) Concentrations of cyclic and linear siloxanes in sediment from each sampling locations collected in 2013 and 2021.



In this study, the ƩCyclic levels in sediment from Masan and Haengam Bays and near the WWTP outfall were approximately two times higher than those of ƩLinear in 2013 and 2021. This suggests that cyclic siloxanes have been primarily consumed by Korean industrial markets. The concentrations of ƩCyclic and ƩLinear in sediment from offshore waters were similar in 2013 and 2021. In comparison to Masan Bay (TOC = 2.42% and 2.01% in 2013 and 2021, respectively), Haengam Bay (TOC = 1.99% and 1.75% in 2013 and 2021, respectively) and the WWTP outfall (TOC = 2.67% and 1.68% in 2013 and 2021, respectively), the lowest TOC contents were observed in sediment from offshore waters (TOC = 1.26% and 1.31% in 2013 and 2021, respectively). Previous studies have reported significant correlations between siloxanes with TOC in sediment (Lee et al., 2014a; Lee et al., 2018a; Lee et al., 2019b). However, the inherent characteristics (log KOC and log KOW) of cyclic and linear congeners are incomplete (Lee et al., 2019b), which can lead to different binding abilities with TOC or different environmental behaviors. Therefore, the TOC content and environmental behavior of siloxanes may contribute to alterations in the distribution of cyclic and linear congeners between industrialized bays and offshore waters.

The highest siloxane levels in sediment from Masan Bay were observed at Stations M6 (634 ng/g dw) and M3 (541 ng/g dw) in 2013, and Stations M3 (1228 ng/g dw) and M4 (661 ng/g dw) in 2021 (Figure 2B). For Haengam Bay, the highest siloxane levels were observed at Stations H1 (861 ng/g dw) and H4 (466 ng/g dw) in 2013, and Stations H2 (710 ng/g dw) and H4 (702 ng/g dw) in 2021. These stations were particularly close to industrial complexes and harbor zones, indicating that industrial activities and shipping logistics have led to serious pollution of siloxanes in the coastal environment, which is consistent with published studies (Lee et al., 2018a; Chen et al., 2022).




3.4 Impact of WWTP effluents to sedimentary environment

To assess the contribution of the discharge of the WWTP for siloxane contamination in Masan Bay, Korea, the distribution of siloxanes was investigated in sedimentary materials from transect lines of the WWTP outfall (Figure 3). The highest concentration of ƩSiloxane was measured at the WWTP outfall (OF), which contained 2995 and 2467 ng/g dw of ƩSiloxane in 2013 and 2021, respectively. The overall concentrations of siloxanes appeared significant decreasing trends with increasing distances from the WWTP outfall, implying that the discharge of the WWTP was a reliable source of siloxanes in sedimentary materials. The previous investigation on POPs (including PBDEs, PCDD/Fs, PCBs, and perfluorinated compounds) in sediment near the outfall of a WWTP in Masan Bay also revealed that the discharge of WWTP effluents is a key source of these compounds in sediment (Moon et al., 2008b; Jin et al., 2016). Earlier studies have confirmed that WWTPs could not completely remove siloxanes in influents (Lee et al., 2014a; Horii et al., 2022a; Jiang et al., 2022).




Figure 3 | Concentrations of cyclic and linear siloxanes in sediment from the sampling locations of each transect line from the submarine outfall of a wastewater treatment plant in Masan Bay, Korea collected in 2013 and 2021.



Spearman correlation analysis was performed to further explore the contamination source and environmental behavior of siloxanes in sediment collected near the WWTP outfall (Table S4). Significant correlations were found between TOC and all siloxanes (except for D7), with r = 0.446–0.727 (p< 0.05), implying that TOC plays an important role in retaining siloxanes in sediment contaminated by the WWTP discharge. These findings are consistent with previous reports for other POPs, including PBDEs, PCBs, PCDD/Fs, and PFCs, in the sediment of WWTP discharge (Moon et al., 2008b; Jin et al., 2016). Regarding individual siloxanes, significant correlations were observed between almost all siloxanes, with r = 0.547–0.931 (p< 0.05) and r = 0.456–0.994 (p< 0.05) for cyclic and linear siloxanes, respectively. Taken together with our other findings, the WWTP discharge is a common source of organic contaminants including the POPs and siloxanes. More evidence is needed to confirm the environmental burden of organic contaminants from WWTP activities into the coastal environment.




3.5 Time trends of siloxanes

Temporal comparison of siloxane contamination in sediment collected in 2013 and 2021 are presented in Figure 4. The ƩSiloxane concentrations in sediment from Masan Bay (increase rate = 28%), Haengam Bay (47%), and offshore (28%) increased from 2013 to 2021, but the increase was not significant (p > 0.05). These results imply that the consumption of siloxanes in industrial markets of Korea has been expanding in the past decade. As a matter of fact, the global production of siloxanes increased by 25% from 2017 to 2022 (He et al., 2021). The levels of D5 and D6, which were dominant in the sediment core from Tokyo Bay, Japan, reached the highest value in 2006–2007, and then remained steady from 2007 to 2013 (Horii et al., 2022a). Siloxane pollution in the sediment core from Ulsan Bay, Korea, increased rapidly from the 1970s to 2015 (Lee et al., 2018a). These results emphasize the importance of continuous monitoring and investigation of the siloxane consumption market.




Figure 4 | Time trends in the concentrations of siloxanes in sediment from Masan and Haengam Bays, offshore, and the submarine outfall of a wastewater treatment plant collected between 2013 and 2021.



Note that the increase rate of linear siloxanes (increase rate = 56%) in the sediment from Masan Bay between 2013 and 2021 was greater than that of cyclic siloxanes (increase rate = 18%). Conversely, the increase rate of cyclic siloxanes (increase rate = 52%) in sediment from Haengam Bay was greater than that of linear siloxanes (increase rate = 38%). This suggests that the consumption pattern of siloxanes, depending on the industrial types, has been changing. However, the concentration of siloxanes in the sediment from offshore may be affected by the comprehensive long-distance effect from the WWTP and industrial activities, where the increase rates of cyclic and linear congeners were 43% and 12%, respectively. Moreover, the ƩSiloxane levels in sediment from the WWTP outfall decreased by 15% from 2013 to 2021, of which the decrease rates of ƩCyclic and ƩLinear were 18% and 11%, respectively. This is likely due to the improved treatment capacity of the WWTP operation for organic contaminants in influents.




3.6 Composition profiles and pollution sources of siloxanes

The composition pattern for individual siloxanes in sediment from Masan Bay, Haengam Bay, offshore and the WWTP outfall collected in 2013 and 2021 is presented in Figure 5. D5 and D6 were found to be the highest contributors to the sediment across all the sampling locations from 2013 to 2021. The contribution of D5 of the ƩSiloxane concentrations increased from 31% in 2013 to 38% in 2021, while the contribution of D6 decreased from 34% in 2013 to 27% in 2021. D5 and D6 are widely added to commercial detergents for various uses (Horii and Kannan, 2008; Wang et al., 2013a), and are also widely added to consumer products, such as toothpaste, hair conditioners, skin care products, cosmetics, and sunscreen products (Lu et al., 2011; Gobas et al., 2015; Zhang et al., 2018). The higher contributions of D5 and D6 observed in our study may be due to intensive industrial activities and rapid urban development in the coastal areas (Lee et al., 2018b). The contributions of individual linear siloxanes (L8–L13) in sediment ranged from 1% to 9% of the ƩSiloxane concentrations, without any significant changes depending on the sampling years. The contributions of remaining siloxanes, such as D4, D7, L3–L7, and L14–L17, were less than 1%. Linear siloxanes, such as L6–L13, are commonly used in cosmetics and PCPs, toys, cooking utensils, and household consumer goods (Horii and Kannan, 2008; Li et al., 2016; Xu et al., 2017; Zha et al., 2018; He et al., 2021). The contributions of L8–L13 found in our study may come from personal care products and consumer products.




Figure 5 | Compositional profiles of individual siloxanes in sediment from Masan and Haengam Bays, offshore, and the submarine outfall of a wastewater treatment plant collected between 2013 and 2021.



Non-parametric multidimensional scaling (nMDS) analysis was performed to identify the pollution sources of siloxanes in sediment collected in this study area in 2021 (Figure 6). All sampling stations were divided into four sets with a stress value of 0.03. Group A included sampling locations near the WWTP outfall (OF, C2, E1, and E2), and the industrial complex of Masan Bay (M3). Group B included most sampling locations in Masan Bay (M1, M2, M4, M7–M10, M12, M13, M15, M16, and M18) and Haengam Bay (H1–H5), as well as most locations near the WWTP outfall (A1–A5, B1, B3, C1, C3, D1, E3, and E4). Group C included some sampling locations from Masan Bay (M5, M6, M14, and M24), Haengam Bay (H6 and H7), the WWTP outfall (D2–D4), and offshore (O1–O4), most of which were located in transitional zones between bay and offshore. Group D included the central part of Masan Bay (M11) and offshore sampling locations (O5–O8 and H8) far away from the bays. All groups were dominated by D5 and D6, but the contribution of siloxanes in each group differed. The contribution of D5 in Group D (23%) was lower than that in Group B (42%), Group A (36%) and Group C (33%), whereas the contribution of D6 in Group D (36%) was higher than that in Group B (23%), Group A (21%) and Group C (33%), For linear siloxanes, the contributions of L5–L9, L11, and L13 were similar within clustered groups. The contributions of dominant siloxanes, D5, D6, and L10, varied among different groups. In particular, D5 in Group D, the area far away from the contamination source, had a significantly lower contribution than other areas.




Figure 6 | Non-parametric multidimensional scaling (nMDS) ordination plot (A) and their respective compositional profiles (B) of siloxanes in sediment from Masan and Haengam Bays, offshore, and the submarine outfall of a wastewater treatment plant collected in 2021.






3.7 Ecological risk assessment of sedimentary siloxanes

The levels of D4, D5, and D6 in all sedimentary materials measured in this study were lower than PNECsediment (HQs< 1), indicating that they have no significant ecological risk to benthos (Table S5). These results are consistent with published literature, such as in Daqing Oilfield, Bohai Bay and Lake Chaohu in China, industrial bays in Korea, and Tokyo Bay in Japan (Zhi et al., 2018; Lee et al., 2019b; He et al., 2021; Horii et al., 2022b; Liu et al., 2022). Although it is currently believed that these three cyclic siloxanes pose inappreciable risks to benthos (Woodburn et al., 2018), He et al. (2021) reported the ecological risks of D4 and D5 to fish in Chinese rivers (He et al., 2021). It should be noted that the results from all earlier studies are affected by the different PNECs employed for ecological risks to siloxanes. Additionally, the potential synergy caused by the co-existence of siloxanes and other organic contaminants, such as POPs, has not been considered and the risks posed by linear siloxanes have been ignored. This may lead to an underestimation of potential health risks. Considering the continuous increase in siloxane consumption, the ecological risk of siloxanes to the aquatic environment may be unpredicted. Therefore, further investigations are necessary to keep us alert for ecological risks of siloxanes.





4 Conclusions

This study presents an investigation into the spatial distribution and temporal trend in siloxane contamination in sedimentary materials from industrial bays of Korea over the period 2013–2021. Our results indicate that siloxanes were present in all sediments collected, suggesting continuous contamination for the past decade. The higher concentrations of D5 and D6 observed in our samples are likely due to their high consumption and resistance to environmental processes. Industrial and WWTP activities were found to be the primary sources of siloxane contamination in the coastal environment, with TOC playing a key role in the migration and transformation of siloxanes. There were no significant time trends observed in sedimentary siloxane concentrations between 2013 and 2021 despite increased global and domestic markets. Our study found that D4, D5, and D6 concentrations in all sedimentary materials were limited in their potential to pose a threat to benthos. However, given the increasing demand and limitations of risk assessment, exposure to siloxanes by aquatic organisms cannot be ignored in the future.
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L13 80 <LOQ 417 230 421 85 <10Q 237 226 362
L14 52 <LOQ 86.7 3.60 8.10 56 <10Q 50.0 420 5.39
L15 4 <LOQ 13.0 - 0.400 1 <LOQ 13.0 - 0.350
L16 4 <LOQ 6.59 - 0.220 6 <LOQ 16.2 - 0.520
SCyclic® <LOQ 2092 202 313 27 1577 200 299
SLinear’ 1.96 1371 75.0 151 0.480 888 98.0 156
SSiloxane® 450 2995 279 464 420 2464 297 455

*DR=detection rate for all samples analyzed. ®TOC = Total organic carbon. *<LOQ=less than limit of quantification. 9-=not available.
SCyclic=total concentrations of cyclic siloxane; T Linear=total concentrations of linear siloxane; & Siloxane=total concentrations of all siloxane compounds.





