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Abstract

Siloxanes have been used as chemical additives in various consumer and industrial products since the
1940s. Based on their extensive usage, cyclic siloxanes are categorized as high production volume
chemicals. However, siloxanes are known to cause potential toxic effects and result in environmental
persistence and bioaccumulation. Furthermore, previous studies have detected the high levels of
siloxanes in various environmental matrices, which can lead to negative effects on the ecosystem.

Therefore, siloxanes are an emerging concern as contaminants in the environment.

In this study, 6 cyclic siloxanes (D4-D9) and 13 linear siloxanes (L3-L15) were analyzed in coastal
sediment collected from southeastern industrial bays in Ulsan, Busan, Jinhae, and Gwangyang, South
Korea (March-April 2016). The four bays are heavily industrialized and designated as special
management sea areas by the Korean government, because of severe coastal pollution originating from
industrial complexes and commercial ports. A total of 69 surface sediment samples were collected using
grab samplers and were extracted by shaking with organic solvents and then analyzed using gas
chromatography mass spectrometry (GC/MS). From the results, contamination levels, spatial
distribution, and correlationship of siloxanes in coastal sediment was investigated. Additionally, the

hazard quotients (HQs) for siloxanes were evaluated using Monte Carlo simulation.

The total concentrations of siloxanes were in the range of 10.1 to 3,877.2 (mean: 304.2) ng/g dry weight
(dw) for all studied samples. The relative composition of D5 (28%) and D6 (33%) were the highest,
followed by L11 (5.9%) and L10 (5.2%). The highest concentration of total siloxanes was found in
Busan (579.4 ng/g dw), followed by Ulsan (315.8 ng/g dw), Jinhae (266.2 ng/g dw), and Gwangyang
(31.1 ng/g dw). The total concentration levels of siloxanes in South Korea are similar to other countries.
Significant correlations exist among the concentrations of siloxanes, the concentrations of persistent
organic pollutants (POPs), and TOC content in sediment. The hazard quotients (HQs) for siloxanes in
coastal sediment were less than 1, indicating that there is no risk to organisms of the exposure of

siloxanes in coastal sediment.
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I. INTRODUCTION

Siloxanes are polymeric organosilicon molecules with a backbone of repeating silicon-oxygen units.
Each silicon atom is connected with organic side chains. Siloxanes have two basic structures, cyclic
and linear. They are usually expressed as abbreviations Ln or PDMS (polydimethylsiloxane) for linear

siloxanes, and Dn for cyclic siloxanes (n is the number of silicone atoms).
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Figure 1. Chemical structures of cyclic and linear siloxanes.

Because of their attractive characteristics like low surface tension, smooth texture, thermal stability,
and chemical inertness (Lee et al., 2018; Zhang et al., 2011), siloxanes have been widely used as
chemical additives in industrial (e.g., lubricant, waterproof, and antifoamer products) and consumer

products (e.g., personal care, cosmetic, and healthcare products) since the 1940s (Dudzina et al., 2015).

In 2006, the United States produced large amounts of octamethylcyclotetrasiloxane (D4),
decamethylcyclopentasiloxane (D5), and dodecamethylcyclohexasiloxane (D6) in the range of 45,000
225,000, 22,500-45,000, and 450-4,500 tons, respectively (Wang et al., 2013b). Based on their

extensive usage, the three cyclic siloxanes have been categorized as high production volume chemicals



by the US Environmental Production Agency (Hong et al., 2014). There is no information about the
production amounts of siloxanes in South Korea. However, amounts of silicone resin in South Korea
has been recorded since 2000, and the amounts have increased, reaching an annual silicone resin
production of 180,000 tons in 2017 (Statistics Korea, 2017).

The cyclic siloxanes possess typical physicochemical properties including high volatility (vapor
pressure: 2.26-124.5 Pa at 25 °C) (Lei et al., 2010), hydrophobicity (water solubility: 5.3-56 pg/L), and
high octanol-water partition coefficients (log Kow: 6.49-9.06) (Woodburn et al., 2018). Therefore, the
main emission routes of siloxanes are volatilization into the atmosphere or down the drain removal from
wastewater treatment plants (WWTPs). During the wastewater treatment processes, most siloxanes are
removed through volatilization and sorption by organic matter. A proportion of siloxanes adsorbed on
suspended organic matter are released as effluent into the aquatic environment. Finally, they are

deposited into sediments constantly (Homem et al., 2017).
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Figure 2. Main emission routes of siloxanes.



Based on their volatility and suspected persistence in the atmosphere (Homem et al., 2017), they can be
transported to remote regions. Therefore, dispersal of siloxanes in the environment is expected and
many studies have detected these compounds in various environmental matrices including sediment
(Leeetal., 2018; Zhang et al., 2011; Zhi et al., 2018), air (Genualdi et al., 2011; Krogseth et al., 2013),
soil (Sanchez-Brunete et al., 2010; Wang et al., 2013c), biota (Wang et al., 2017; Warner et al., 2014;
Xu et al., 2015), surface water (Horii et al., 2017; Sparham et al., 2008; Zhi et al., 2018), coastal

environment (Hong et al., 2014), and polar areas (Warner et al., 2010).

Previous studies have found toxic effects caused by siloxanes, especially estrogen mimicry,
reproductive problems, and liver damage. Inhalation of D4 reduced the number of pups born and live
litter size, and inhalation of D5 increased the liver weight in female rats (McKim et al., 1999; Siddiqui
etal., 2007). The European Commission defined D4 as a reproductively toxic compound and the Danish
EPA listed D4 as a impairing fertility compound (European Commission, 2005; Lassen et al., 2005).
Therefore, siloxanes are regulated in many countries. For example, Canada made a proposal to minimize
or prevent the emission of D4 into the environment (Environment Canada, 2012), and the UK proposed
a limitation on the content of D4 and D5 in wash-off products (ECHA, 2016). To date, no legislation
about the restricted concentration levels of siloxanes in the environmental matrices and in products

exists in South Korea.

Among various environmental matrices, coastal sediments are important sinks of pollutants. Therefore,
there should pay special attention to investigate the contamination distribution of siloxanes. The
lipophilic nature of siloxanes (logKow > 6.49, logKoc > 4.22) (Woodburn et al., 2018), make the
sediment sorption a principle removal mechanism of siloxanes. Therefore, the major exposure route of
siloxanes in aquatic systems is likely to be via sediment (Mackay et al., 2015). However, only a few
studies have been done to assess their occurrence in sediment, because analytical determination of
siloxanes is difficult due to their ubiquitous nature, which hampers their accurate measurement (Wang
et al., 2013a). As can be seen in Figure 3, research on siloxane contamination levels in sediment have
been carried out since 2010. All the studies analyzed cyclic siloxanes, whereas only half analyzed both

cyclic and linear siloxanes.
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Figure 3. Number of literatures about the analysis of siloxanes in sediments. (Literatures, which
contained concentration levels of siloxanes in sediment were selected)

Therefore, this study aimed to investigate concentration levels and spatial distribution of siloxanes in
coastal sediment collected from southeastern industrial bays in South Korea with a suitable analytical
method. Finally, the ecological risk of siloxanes in the coastal sediment to organisms was assessed

based on probabilistic distributions of hazard quotients.



II. MATERIALS AND METHODS

2.1 Sampling of sediments

Coastal sediment samples were obtained during March—April 2016 from the southeastern maritime
industrial regions: Ulsan bay (US1-US15), Busan bay (BS1-BS18), Jinhae bay (JH1-JH20), and
Gwangyang bay (GY1-GY16), which are the most heavily industrialized bays in South Korea. The four
bays are designated as special management sea areas by the Korean government (MOF, 2016), because

of severe coastal pollution originating from industrial complexes and commercial ports.

"'Sout_h Korea ..
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Figure 4. Sampling map for coastal sediments in South Korea: Ulsan, Busan, Jinhae, and Gwangyang.
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Figure 5. Locations of coastal sediment sampling sites in each bay.

Ulsan bay, which is heavily industrialized bays, is located on the southeastern part of Korea. The
dominant industrial productions of the bay are petrochemical products, non-ferrous metals, automobiles,
and ships (Choi et al., 2012). The major river in Ulsan, the Taehwa River flows through the center of
Ulsan city and ends in Ulsan bay. Busan is the largest commercial port area in Korea and includes North,
South, and Gamchen port. The coastline of the bay has shipyard, electronics, chemical fertilizer, and
steel production facilities (Moon et al., 2008). The Dong Stream, which flows through residential areas
with a total length of 4.9 km, ends in Busan port. Severe contamination of the stream has emerged as a
serious environmental problem in Busan. Jinhae is a typical semi-enclosed bay, comprising of the
seriously polluted eastern zone (Masan bay) and a less polluted western zone. Masan bay, which is

located northeast of Jinhae bay is surrounded by various industrial complexes and a wastewater



treatment plant. The WWTP accelerate the pollution of the coastal environment in Masan bay (Kannan
etal., 2010). Commercial and fishing harbors, shipyards, and shellfish farming are located along Jinhae
bay (Kim et al., 2014). Gwangyang bay, located on the southern coast of Korea, is also semi-enclosed.
There have been land reclamations for industrial and port facilities on the western parts of Gwangyang
bay. The Bay is utilized for steel manufacturing and petrochemical facilities on the inner shores (Kim

et al., 2008).

A total of 69 coastal sediment samples (0 to 5 cm) were obtained using Van Veen grab samplers and
stored in glass bottles at -20 °C. The samples were freeze-dried for about 72 h, and sieved through a 2-
mm a stainless-steel sieve. Total organic carbon (TOC) of the coastal sediment was measured using

TOC analyzer (TOC-5000, Shimadzu, Japan).



2.2 Chemical and reagents

Total 6 cyclic siloxanes and 2 linear siloxanes including, octamethylcyclotetrasiloxane (D4),
decamethylcyclopentasiloxane (D5), dodecamethylcyclohexasiloxane (D6), tetradecamethylcyclohepta
siloxane (D7), hexadecamethylcyclooctasiloxane (D8), octadecamethylcyclononasiloxane (D9), octam
ethyltrisiloxane (L3), and decamethyltetrasiloxane (L4) (all >95% purity) were purchased from Tokyo
Chemical Industries (Tokyo, Japan). One linear siloxane, dodecamethylpentasiloxane (L5) (>97%
purity) and PDMS (viscosity of 5 ¢St), which contains target linear siloxanes (L6-L15) were acquired
from Sigma Aldrich (Oakville, ON, Canada). The PDMS mixture used as a standard for the
identification and quantification of the linear siloxanes. 3C4-D4, *Cs-D5, and $3Cs-D6 were purchased
from Moravek (Brea, CA, USA). They are used as the internal standards of native siloxanes to calculate
their concentrations by adding them to the samples before the extraction. Phenanthrene-di1o was obtained
from Sigma Aldrich and used as the internal standard for the three labeled siloxanes to calculate
recoveries and to compensate for differences in injection volumes by adding them to the samples before

the instrumental analysis.



2.3 Extraction methods for sediment

2.5 g of freeze-dried sediment was taken in a 15 mL polypropylene tube and a mixture of *C4-D4, **Cs-
D5, and *Cs-D6 was added to the sample. Then, a 5 mL mixture of hexane and ethyl acetate (1:1) was
added to the sediment sample and shaken for 30 min using a shaker (NB-101MT, N-Biotek, Korea) at
250 rpm. The extract was centrifuged at 3,500 rpm for 10 min (Combi-514R, Hanil, Korea), and the
supernatant was transferred to a glass tube. The extraction process was done two more times. The extract
was concentrated to 0.5 mL under a gentle stream of nitrogen with a nitrogen evaporator (Eyela MG-

2200, Tokyo Rikakikai, Japan). Prior to GC/MS analysis, Phenanthrene-dio was spiked into each extract.

Freeze-dried sediment samples
ample Internal standard (*3C,-D4, 3C.-D5, 13C4-D6)
E : Shaking 30 min
Hexane : Ethyl acetate (1:1)
(O=Tal g1 {0leFLie]s M 3,500 rpm, 10 min
. Evaporation to 0.5 mL using Nitrogen gas
Internal standard (Phenanthrene-d, )

Figure 6. Analysis procedural for siloxanes in coastal sediment samples.



2.4 Instrumental analysis

Nineteen siloxanes were analyzed using an Agilent 7890A gas chromatograph interfaced with an
Agilent 5975C mass spectrometer (GC/MS; Agilent Technologies, Palo Alto, CA) in an electron impact
selected ion monitoring (SIM). Separations of target materials were achieved using a DB-5MS capillary
column (30 m x 0.25 mm i.d., 0.25 pum film thickness). One microliter of extract was injected to GC in
splitless mode at inlet temperature of 200°C. The carrier gas was helium at a flow rate of 1.0 mL/min.
The temperature program of the GC oven was started at 40°C for 2 min, then increased to 220°C at 20°C
/min, then to 270°C at 5°C /min. Finally, a postrun time at 300°C for 5 min was run to remove impurities
from the column. The temperature of transfer line was 300°C. The retention time and monitored ions of
target siloxanes are presented in Table 1. PDMS mixture was analyzed by an Agilent 7890A gas

chromatograph with a flame ionization detector (GC/FID; Agilent Technologies, Palo Alto, CA).
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Table 1. Molecular formula, purity, retention time and monitored ions of target compounds.

Target compounds

Purity Ret_ention lon

B e
Octamethylcyclotetrasiloxane (D4) CsH240.4Si4 >98 5.445 281, 282
Decamethylcyclopentasiloxane (D5) C10H3005Sis >97 6.789 267, 355
Dodecamethylcyclohexasiloxane (D6) C12H3606Sis >95 8.071 341, 429
Tetradecamethylcycloheptasiloxane (D7) C14H1,07Si7 >05 9.207 147, 281
Hexadecamethylcyclooctasiloxane (D8) C16Hag0sSisg >96 10.217 147, 355
Octadecamethylcyclononasiloxane (D9) C18Hs400Sig >08 11.087 147, 429
Octamethyltrisiloxane (L3) CsH240,Si3 >98 4.348 221,222
Decamethyltetrasiloxane (L4) C10H3003Sis4 >97 6.098 207, 208
Dodecamethylpentasiloxane (L5) C12H3604Sis >97 7.480 147, 281
Tetradecamethylhexasiloxane (L6) C14H4,05Sis 8.648 147, 221
Hexadecamethylheptasiloxane (L7) C16H1506Si7 9.671 147, 221
Octadecamethyloctasiloxane (L8) C18Hs40+Sisg 10.585 147, 221
Icosamethylnonasiloxane (L9) Ca0HeoOsSig 11.430 147, 221
Docosamethyldecasiloxane (L10) C22Hs609Si10 12.371 147, 221
Tetracosamethylundecasiloxane (L11) C24H72010Si11 13.498 147, 221
Hexacosamethyldodecasiloxane (L12) C26H75011Si12 14.840 147, 221
Octacosamethyltridecasiloxane (L13) CasHs4012Si13 16.374 147, 221
Triacontamethyltetradecasiloxane (L14) C30Hg0013Si14 18.027 147, 221
El)_oltgl)acontamethylpentadeca5|onane CarHosO14Siss 19.737 147, 221
gytlititlrliﬁg;;’:?}?é’:[) 9 8C,CiH20:Sis  >98 5.445 284, 285
gytligeﬁ?a:%(gﬁgiﬂg%m 13CsCsHx0sSis ~ >98  6.789 359, 360
g;,t’l%ﬁéig’_ iﬁ;g;edg‘ggagg)‘hy' 13CsCeH3606Sis  >98 8.071 345, 435
Phenanthrene-dio CuD1g 11.309 188, 189
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2.5 Quality assurance and quality control

The wide uses of siloxanes can significantly affect accurate measurement in various ways. Therefore,
the analyst should avoid the use of personal care products (PCPs). To minimize the background
contamination of siloxanes, where possible, equipment materials including silicone were substituted
with other materials. For examples, GC vials were capped with viton septa, nitrogen blowing equipment
was used with a metal tube, and GC inlet septa were replaced with fluorocarbon material. Before the
GC/MS analysis, hexane was injected to minimize the instrumental background levels, and analyzed
after every sediment sample to assess the background level. To identify the siloxane contamination that
occurred during the pretreatment process, procedural blanks (n=7) were also analyzed using 2.5 g of
free-siloxane sand. The procedural blanks contained detectable levels of cyclic siloxanes, D4 (4.83 =
0.39 ng/g; average +* standard deviation), D5 (1.84 + 0.12 ng/g), D6 (1.43 + 0.12 ng/g), D7 (1.47 + 0.28
ng/g), D8 (2.69 = 0.57 ng/g), and D9 (8.70 £ 1.04 ng/g), and some linear siloxanes were also found in
low levels in the procedural blanks. However, the other target siloxanes were below the detection limits
or not detected in the procedural blanks. The detectable blank levels were subtracted from the measured
concentration values in all sediment samples. Other studies also found contaminations of cyclic
siloxanes in procedural blanks, which ranged from 1.45 to 5.67 ng/g for D5-D7 (Lee et al., 2018), 1.07
to 2.32 ng/g for D4-D6 (Zhi et al., 2018), and 1.0 to 1.7 ng/g for D4-D6 (Liu et al., 2014). To calculate
limits of detections (LODs) and limits of quantifications (LOQs), signal to noise ratio (Lee et al., 2014;
Tran et al., 2015) and procedural blank concentration (Hong et al., 2014) were generally used. In this
study, due to the relatively high concentrations of cyclic siloxanes in procedural blanks, LODs for cyclic
siloxanes were calculated by average blank concentrations plus three times the standard deviation of
procedural blanks, which ranged from 0.40 to 3.13 ng/g. For linear siloxanes, LODs were defined as
three times the signal to noise ratio, which ranged from 0.06 to 0.91 ng/g. Recoveries of the surrogate
standard, *C4-D4, 13Cs-D5, and *Cs-D6 from all sediment samples had values of 54 + 13%, 69 + 16%,
and 67 £ 16%, respectively. Recoveries of the three labeled siloxanes showed similar values in previous
studies, in that the recoveries of 13C,-D4, 13Cs-D5, and 13Cs-D6 are 69%, 71%, and 74% for sediment
samples (Wang et al., 2013a) and 57%, 66%, and 70% for air samples (Ahrens et al., 2014).

12



2.6 Risk assessment

The ecological risk of siloxanes was assessed by the hazard quotient (HQ) (Homem et al., 2017; Zhi et
al., 2018). The HQs were calculated using the below equation:
H d tient (HQ) = MEC

azard Quotient (HQ) ~PNEC
where MEC is defined as the measured environmental concentrations of siloxanes in sediment, and
PNEC is defined as the predicted no effect concentration of siloxanes. The PNEC was calculated using

the below equation:

L(E)C50 or NOEC

Predicted No Effect Concentration (PNEC) =
Assessment factor

PNEC was calculated with toxicity data, LC50 (the median lethal dose), EC50 (the half maximal
effective concentration) or NOEC (the no observed effect concentration) of the sediment dwelling
organisms. The assessment factors, which bridge the gap of toxicity values of different experimental
animals and conditions, were adapted from the previous study (Assessment factor: 10 (D4 and D5), 100
(D6); Homem et al. (2017)). For the worst-case scenario, concentrations of siloxanes below detection
limits were substituted by half of the detection limits, and the lowest NOEC values (D4: 13 mg/kg dw
(blackworms), D5: 69 mg/kg dw (midge), and D6: > 484 mg/kg dw (blackworms)) were acquired from
the previous study (Redman et al., 2012). As a result, if the value of HQ is over 1, the chemicals are
assumed to be a potential hazard to the aquatic environment. However, a risk assessment using single
point values may lead to high uncertainty, whereas the Monte Carlo simulation, which results in a
probabilistic approximation, can decrease the uncertainty of estimations (Fakhri et al., 2018). Therefore,
in this study, HQs were calculated using a Monte Carlo simulation with probabilistic distributions of
siloxane concentrations in coastal sediment. The concentrations of siloxanes were assumed to follow
the log normal distribution to generate the distributions of hazard quotients by the 5,000 repetitions of
the simulation. D4, D5, and D6 were chosen as the representative targets. This probabilistic distribution
of hazard quotient approach was also applied in other studies to evaluate the risk assessment of
polycyclic aromatic hydrocarbons (PAHS) in water in China (Guo et al., 2012), of heavy metals from
the ingestion of instant noodles in Iran (Tajdar-Oranj et al., 2018), and of onions in Iran (Fakhri et al.,
2018).

13



2.7 Statistical analysis

Statistical analyses were carried out to interpret and discuss the collected data. Spearman correlation
analysis was done to identify the relationships among the concentrations of siloxanes in sediment, total
organic carbon (TOC) contents, and the concentrations of POPs with IBM SPSS Statistics 20 (Chicago,
IL, USA). Using the program, Principal component analysis was performed to investigate the
relationships between each compound and sampling sites. Mann-Whitney rank sum test was done to
compare the statistically significant differences among the four sampling sites using SigmaPlot software
12.0 (San Jose, CA, USA). Monte Carlo simulations were performed with Crystal Ball (Redwood city,
CA, USA). To avoid detection limit artifacts, concentration of congeners below detection limits was set

to half of the detection limits for statistical analyses.
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Table 2. Detection frequency (%), mean, median, range, and LOD (ng/g dw) of siloxane concentrateo
ns at 69 sites in Korea

Compounds f? s;icetrz(;; Mean + SD* Median Range LOD®

D4 87% 570+113 334  nd°860 117

D5 100% 83.7+227 207  177-1733 040

Cyclic D6 100% 101+148 359 556724  0.46

siloxanes 7 97% 1074173 510 <LOD-110  0.90

D8 67% 655939 473  nd-551 172

D9 7% 112+101 943  nd-441 313

L3 39% 041+131  nd. nd-692  0.06

L4 88% 096+201 044  nd-107 017

L5 7% 033:+040 026  nd-249 011

L6 78% 051+074 037  nd-529 017

L7 70% 401+375 439  nd-187 024

L8 94% 492+756 310 <LOD-525  0.32

'S‘iilgf(;es L9 100% 9.73+169 502 048113 031

L10 96% 1584278 824  nd-181 050

L11 96% 17.9+336 779  nd-222 044

L12 65% 142+296 775  nd-198 057

L13 57% 115+254 361  nd-166  0.90

L14 4% 410£207  nd. nd-140  0.43

L15 3% 118+7.78  nd. nd-619  0.63
sCyclic 210+393 88 8232716
SLinear 855+168 42  1.69-1,162
STotal 304+547 133  10.1-3,877

2 SD; standard deviation
® | OD; limit of detection
°n.d.; not detected
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[Il. RESULTS AND DISCUSSION

3.1 Levels of siloxanes in coastal sediment

Detection frequency, mean, median, range, and LOD of siloxane concentrations from the four regions
are summarized in Table 2. Siloxanes were found in all 69 coastal sediment samples from the four
regions. The total concentrations of siloxanes in sediments were in the range of 10.1 to 3,877.2 (mean:
304.2) ng/g dw for all collected samples. Among cyclic siloxanes, the detection frequency of D5 and
D6 was the highest (detection rate: 100%), followed by D7 (97%), D4 (87%), D9 (77%), and D8 (67%).
The ranges of each compound were D4 (n.d.—86.0 ng/g dw), D5 (1.77-1,733 ng/g dw), D6 (5.56-724
ng/g dw), D7 (<LOD-110 ng/g dw), D8 (n.d.-55.1 ng/g dw), and D9 (n.d.—44.1 ng/g dw), respectively.
The sum of cyclic siloxane concentrations ranged from 8.23 to 2,715.6 (mean: 219) ng/g dw. Linear
siloxanes (L3-L15) were also frequently detected in the sediment samples. Among the linear siloxanes,
L8, L9, L10, and L11 were analyzed at high rates. L3, L4, L5, L6, L7, L12, and L13 were analyzed in
over 39% of the samples and L14 (4%) and L15 (3%) were rarely detected in sediments. The sum of

linear siloxane concentrations ranged from 1.69 to 1,161.7 (mean: 85.5) ng/g dw.

The previous studies, which measured levels of siloxanes in sediment from other countries are
compared with this study in Table 3. Only a few studies have investigated the distribution of both cyclic
and linear siloxanes in sediment. The sum of D4, D5 and D6 was 751.7 ng/g dw in sediment from
Denmark, 42.8 ng/g dw from Finland, 19.3 ng/g dw from Iceland, 15.4 ng/g dw from Norway (Kaj et
al., 2005), 187.2 ng/g dw from China (Zhang et al., 2018), 172.7 ng/g dw from China (Zhi et al., 2018),
and 136.0 ng/g dw from China (Zhang et al., 2011). The concentrations of cyclic and linear siloxanes
in the four bays are shown in Figures 7 and 8. The total concentration of three compounds (D4-D6)
found in Jinhae (mean: 131.7 ng/g dw) is generally similar to concentration levels reported from the
other studies. Whereas the total concentrations of the siloxanes in Busan (mean: 392.6 ng/g dw) and
Ulsan (mean: 206.8 ng/g dw) showed relatively higher, and Gwangyang (mean: 20.1 ng/g dw) showed
lower concentrations than the other countries. Lee et al. (2018) also reported the distribution of 19
siloxanes (D4-D7, L3-L17) in Ulsan. Total mean concentration levels of cyclic siloxanes and the
composition profile of linear siloxanes are similar to those found in our study, except Gosa Stream,
which had a significantly high concentration. The two studies of Ulsan indicate that concentration levels

in the site are generally higher than the other countries. Therefore, we can suggest that pollution levels
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of siloxanes in Ulsan is a critical issue. Tran et al. (2015) also found that indoor dust in Korea (Ansan

and Anyang) showed a relatively high median concentration of siloxanes among 12 specific countries.
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Table 3. Global comparison of cyclic siloxanes concentrations (ng/g dw) in sediment samples between this study and previous study.

Cyclic siloxanes

Linear siloxanes

Country o o5 o6 o7 SCyclic (Targeftm‘;g i Reference
Norway 0.00 154 0.00 - 154 0.25 (L2-L5) Kaj et al., 2005
Iceland 0.00 18.3 1.00 - 19.3 <LOQ? (L2-L5) Kaj et al., 2005
Sweden 0.00 29.8 5.13 - 34.9 0.66 (L2-L5) Kaj et al., 2005
Finland 0.00 385 4.30 - 42.8 <LOQ (L2-L5) Kaj et al., 2005
Denmark 28.0 667 56.7 - 752 28.7 (L2-L5) Kaj et al., 2005
China 7.23 52.7 76.1 124 260 12.7 (L4-L16) Zhang et al., 2011
Spain 125 221 - - 346 15.1 (L3-L5) Sanchs et al., 2013
China 0.67 9.72 1.45 0.60 124 n.d. (L8-L12) Hong et al., 2014
Korea - 138 76.4 14.4 245 467 (L3-L17) Leeetal., 2018
China 54.4 65.8 67.0 - 187 - Zhang et al., 2018
China 18.3 59.9 94.6 - 173 985 (L5-L16) Zhietal., 2018
Ulsan, Korea 5.12 76.8 125 10.6 207 81.5 (L3-L15)

Jinhae, Korea 5.72 53.9 72.0 7.19 132 106 (L3-L15) ]

Busan, Korea 9.84 192 191 22.3 393 135 (L3-L15) This study
Gwangyang, Korea 1.59 5.62 12.9 1.92 20.1 7.36 (L3-L15)

2 L.OQ; limit of quantification
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3.2 Profile of siloxanes in coastal sediment

The proportions of measured siloxanes in sediment to the total concentrations are shown in Figure 9.
Among the six cyclic siloxanes, the relative composition of D5 and D6 was higher than that of the other
cyclic siloxane congeners in almost all sampling sites. This distribution of cyclic siloxanes in sediment
is similar to previous studies in Dongting lake, China (D4: 29.1%, D5: 35.2%, and D6: 35.8%; Zhang
et al. (2018)) and Dalian, China (D4: 5.4%, D5: 78.1%, D6: 11.7%, and D7: 4.8%; Hong et al. (2014)),
which concluded that D5 and D6 were the predominant compounds, followed by D4 and D7. Earlier
studies on other environmental matrices, including sludge, wastewater, and seawater also found similar
distribution patterns (Hong et al., 2014; Lee et al., 2014; Zhi et al., 2018). The composition of siloxane
was similar to those detected in PCPs, which are regarded as the major pollution source of siloxanes in
the environment (Wang et al., 2013b). Other studies also showed that the two cyclic siloxanes are the
dominant compounds in PCPs (Dudzina et al., 2014; Horii and Kannan, 2008; Lu et al., 2011).
Therefore, the extensive usage of the compounds in the commercial products can explain the

composition profiles.

Jinhae -

0% 20% 40% 60% 80% 100%
mD4 OD5 [JD6 OD7 B D8 WMDY WML3 @L4 HLS L6
OL7 ML8 OL9 WL10O M L11 []L12 []L13 [ L14 M L15
Figure 9. Relative contribution of siloxanes in coastal sediment samples.
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The composition fraction of linear siloxanes in the four sampling areas increased from L6 to L11 and
decreased from L12 to L15. This distribution is consistent with the other studies not only in sediment
(Lee et al., 2018), but also in various matrices like sludge, seawater, and wastewater (Bletsou et al.,
2013; Hong et al., 2014; Lee et al., 2014; Zhang et al., 2011). A previous study estimated solid-liquid
distribution coefficients, which are the indexes for the sorption capacities of siloxanes (Bletsou et al.,
2013). They compared siloxane concentrations in particulate phase and those in dissolved phase during
the wastewater treatment process. In the results, the coefficients of linear siloxanes generally increased
from L5 to L9 and decreased from L10 to L14, which showed a similar pattern to the concentration
distributions of siloxane in the present study. Detailed mechanisms of these trends were not discussed
in other studies. However, these increasing and decreasing trends are shown in the binding affinities of
perfluoroalkyl substances (PFCAS) to serum protein (Zhang et al., 2013), suggesting that binding
affinities increase to increasing specific number of chain length, and then diminish due to changes of

the physical properties of compounds.

3,000 1,500
2,Cyclic siloxanes 2 ,5Linear siloxanes

2,000 1,000+

1,000 ° 500 °
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Figure 10. Concentrations of cyclic and linear siloxanes in the four regions. The error bars represent

standard deviations.

Cyclic and linear concentrations of four sites are shown in Figure 10. In the four areas, cyclic siloxanes
(D4-D9) accounted for 70% of the total siloxane concentrations, whereas linear siloxanes (L3-L15)
made up only 30%. This implies that cyclic siloxanes were the most prevalent chemicals in the sampling
sites. This abundant distribution pattern of cyclic siloxanes can be explained by the cyclic siloxanes

having a higher consumption tendency than linear siloxanes (Lee etal., 2018; Lee et al., 2014). However,

22



the compositions of siloxanes were different depending on the sampling area. In Busan samples, cyclic
siloxanes, D5 and D6 accounted for 23% and 35% of the total siloxane concentrations, and the linear
siloxanes (L3-L15) made up 29%. In contrast, Jinhae samples contained a much higher fraction of
linear siloxanes, at 38%. In general, industrial products have a higher fraction of linear siloxanes than
PCPs (Horii and Kannan, 2008; Xu et al., 2015). Therefore, the high fraction of linear siloxanes in

Jinhae can be explained by the effects of specific industrial activities in this site.

3.3 Spatial distribution and pollution sources of siloxanes in coastal sediment

There was no statistically significant difference in the total mean concentrations of siloxanes among
three bays (Mann-Whitney rank sum test: p > 0.05), except for Gwangyang bay (Mann-Whitney rank
sum test: < 0.01).

The concentrations of siloxanes in the sediments from Busan bay ranged from 24.2 to 3,877.2 ng/g dw
(mean 579.4 ng/g dw), and the total mean value in Busan was the highest among the four bays studied.
According to Statistics Korea, the sampling areas in Busan had the highest number of rubber related
manufacturers (0.3 companies/km?) compared to the other bays (Statistics Korea, 2015). Spatial
distribution and profiles of cyclic and linear siloxanes in Busan are shown in Figure 11. The inner part
of Busan bay (BS1-BS9) had siloxane concentrations that were approximately eight times higher than
the outer part of the bay (BS10-BS18). The inner bay is comprised of three different commercial ports:
Busan North, Busan South, and Gamcheon port. Among them, the largest container port, Busan North
port, which is connected to the Dong Stream, showed the highest siloxane concentration. The Busan
Institute of Health and Environment reported that the water quality of the stream has deteriorated as a
result of the serious pollution from domestic wastewater and river sediment (IHE, 2016). Therefore,
sites with the highest contamination in Busan North port were significantly affected by the contaminated
river and port related activities. Gamcheon and Busan South port, located near shipyards, also showed
high concentrations. A previous study in China also found that one sampling site near a shipyard had
the highest concentration of cyclic siloxanes (D4-D6) in sediment (Zhang et al., 2018). Our finding
suggests that the commercial ports and domestic activities were the major contamination sources of

Busan bay.
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Figure 11. (a) Spatial distribution of Xecyclic siloxanes and Zislinear siloxanes in coastal sediment
collected from Busan, Korea. (b) Profiles of Zecyclic siloxanes and Zyslinear siloxanes from
industrial and rural area in Busan.
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Ulsan had the second highest siloxanes concentration among the four bays, which ranged from 50.5 to
1,254.4 ng/g dw (mean: 315.8 ng/g dw). Spatial distribution and profiles of cyclic and linear siloxanes
in Ulsan are shown in Figure 12. In general, the concentrations of siloxanes in Ulsan tended to decline
from the estuary to the sea, which is consistent with the siloxanes distribution pattern of previous study
(Hong et al., 2014). This result indicates that emissions of siloxanes are associated with the industrial
complexes along the estuary. The highest concentration of siloxanes was detected downstream of the
Taehwa River, which is affected by both industrial and domestic activities, and near to Ulsan port
surrounded by petrochemical and automobile facilities. The second highest concentration was found
downstream of Gosa Stream, which is surrounded by a commercial port and chemical facilities. We
compared the spatial distribution of Ulsan found in our study with that of a previous study (Lee et al.,
2014). This study also reported that siloxane levels increase in line with increasing proximity to the
inner bays. In addition, they also found that except for the extremely high concentration sites upstream
of Gosa Stream, which are not included in our sampling area, the highest concentration was detected
near the Taehwa River and Ulsan port, followed by downstream of Gosa Stream. Their results about
the spatial distribution trends in Ulsan are consistent with our study, indicating that industrial activities

along the estuary and Taehwa River can significantly contribute to siloxane contamination.
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In Jinhae, the concentrations of siloxane in coastal sediment ranged from 48.6 to 1,511.3 ng/g dw (mean:
266.2 ng/g dw). Spatial distribution and profiles of cyclic and linear siloxanes in Jinhae are shown in
Figure 13. Linear siloxanes in this bay had a high fraction and the second highest levels next to Busan
bay. The highest concentration of siloxanes was detected near Masan bay (JH3, JH4, and JH5). JH4 and
JH5 were close to a Duck-dong WWTP, which manages industrial and domestic wastewater. It is known
to play an important role in the pollution distribution of Masan bay (Kannan et al., 2010), indicating
that the WWTP directly contributed to high levels of siloxanes in Masan bay. JH3 was located near the
commercial port and the downstream of a river which passes through the large scale industrial
complexes. As a result, the siloxane concentrations in Masan bay was approximately six times higher
than that in the less polluted western zone. However, sediments collected from industrial complexes in
western zone also showed relatively high concentrations. The mean concentration of siloxanes near
industrial areas was higher than those near rural and coastal areas. Therefore, urban areas rather than
rural areas are considered to be the important source of siloxane contamination in coastal sediment
(Hong et al., 2014; Zhang et al., 2018). These findings suggest that the major contamination sources in
Jinhae were the activities of WWTP and industrial areas. As mentioned before, Jinhae bay had a higher
fraction of linear siloxanes than the other bays, indicating that Jinhae sites were more influenced by
industrial activities. Indeed, sampling sites near WWTPs (JH2, JH4, and JH5) showed high fractions of
linear siloxanes (45%), suggesting that the activities of WWTPs act as a major factor in increasing linear

siloxane concentrations.
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collected from Jinhae, Korea. (b) Profiles of Zscyclic siloxanes and Zislinear siloxanes
siloxanes from inner and outer bay in Jinhae.
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Sediments collected from Gwangyang bay had the lowest concentrations compared to the other bays,
ranging from 10.1 to 109.8 ng/g dw (mean: 31.1 ng/g dw). The total mean concentration of siloxanes
in Gwangyang bay is about 20 times lower than that in Busan bay. The low concentration trend of
Gwangyang bay can be explained by dredging for land reclamation in this area or by a lower number
of rubber related manufacturers (0.01 companies/km?) than the other bays (Statistics Korea, 2015).
Spatial distribution and profiles of cyclic and linear siloxanes in Gwangyang are shown in Figure 14.
The sediments sampled near WWTPs (GY1 and GY6) contained the highest levels of siloxanes. Also,
the average concentration in the inner part of the bay (GY1-9), which was surrounded by industrial
complexes, was about two times higher than that in the outer bay near residential areas (GY 10-16).
Therefore, WWTPs and industrial complexes were the major pollution sources in coastal sediment in

Gwangyang.
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3.4 Correlations of siloxanes in coastal sediment

The relationships among cyclic siloxanes, linear siloxanes, and total organic carbon (TOC) were
identified by Spearman correlation analysis (Table 4). Siloxanes, except two linear siloxanes (L3 and
L4), were correlated with the sum of cyclic and linear siloxane concentrations as well as each other,
suggesting the common pollution sources of siloxanes. Since 1940, silicone blends, which contain a
mixture of siloxanes have been applied as major additives in various products (Chandra, 1997; Horii
and Kannan, 2008). Therefore, the usage of the silicone blends in industrial complexes near the

sampling sites is likely to be a reason for the correlation results.

The relationship between siloxane concentrations and TOC content in sediment was also examined.
Positive correlations are shown between the concentrations of almost all siloxanes, except low
molecular weight linear siloxanes (L3, L4, and L5), and TOC content in sediment. This indicates that
cyclic siloxanes and high molecular weight linear siloxanes have a strong binding affinity to organic
carbon. The TOC content significantly affects concentrations of siloxanes in sediment due to inherent
properties of siloxanes, such as high logKoc and logKow (Woodburn et al., 2018; Xu and Kropscott,
2012). A previous study also reported that increasing TOC content reduces degradation of siloxanes in
sediment (Shi et al., 2015). Therefore, organic carbon is the primary contributor in determining the
contamination levels of siloxanes in the coastal environment. Other studies also found positive
correlations between concentrations of siloxanes and TOC content in sediment (Lee et al., 2018; Lee et
al., 2014; Zhang et al., 2011).
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Table 4. Spearman correlations among cyclic siloxanes, linear siloxanes, and total organic carbon contents in coastal sediments.

D4 D5 D6 D7 D8 D9 L6 L7 L8 L9 L10 L11 L12 L13 L14 L15 XCyclic | XLinear | XTotal TOC
D4 1 621" | 623" | .669™ | .593"" | .648™ | .518™ | .479™ | 580" | .581"" | .564™" | .524™" | .465™ | .297" | .329™" | 287" | .696™ 570" 682" | .631™
D5 1 .972™ | .902™ | .797" | .679™ | .675™ | .540™ | .867™" | .911™ | .915"" | .885™ | .735™ | .637"" | .336™" | .286" | .970™" .886™" 971" | .545™
D6 1 .937* | .806™ | .693™ | .672"" | 511" | .829™ | .877™ | .861"" | .844™ | .707"" | .615™ | .322™ | .282" | .979™ .838™ 967" | .520™
D7 1 .880™" | .827™ | .757™ | .599™ | .834™ | .860"" | .836™ | .814™ | .697™" | .565™" | .315™ | .252" | .960™ 821" .944™ | 584"
D8 1 .865™ | .686™ | .634™ | 792" | .769"" | .812™ | .809™" | .713"" | .555™ | .339™" | .261" | .853™ 789" .850™ | .545™
D9 1 618™ | .670™ | .671™ | .704™ | .708™" | .640™ | .669™ | .521™ | .270" | .249" .786™ 725 J76™ | 6127
L6 1 502" | 7977 | 773" | 7377 | 7617 | .540™ | .484™ | 3417 | 279" 707" 710 .709™ | .439™
L7 1 627" | 6377 | .654™ | .644™ | 822" | .719™ | .348™ | .225 597" 744" .639™ | 575"
L8 1 .955™ | .939™ | .913™ | .724™ | .678™ | .353™ | .282" | .860™" 921 .892™ | 579"
L9 1 941" | .899™ | .761™ | .718™ | .353"" | .282" | .900™ .928™ .926™ | 561"
L10 1 947" | .813™ | .740™ | .353" | .282" 887" 973" .925™ | .595™
L11 1 821" | .728™ | .353™ | .282" .860™" .940™ 901" | .516™
L12 1 .883" | .361™ | .288" 731 .890™" 792 | 517
L13 1 369" | 294" .620™" .819™ .684™ | 387"
L14 1 405 | .620™ .819™ .684™ | 387"
L15 1 .620™" .819™ .684™ | 387"
SCyclic 1 872" 987" | .606™
TLinear 1 .925™ | .600™
XTotal 1 611"

**Correlation is significant at the 0.01 level (2-tailed) and “Correlation is significant at the 0.05 level (1-tailed)
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The Stockholm Convention regulates PCDD/F, PCB, and PCN as persistent organic pollutants (POPs),
because of their environmental persistence, biological accumulation, toxicity, and long range transport
(Rodan et al., 1999). The three POPs were analyzed in the same sediment samples that we used in our
study (Son et al., unpublished data). From the data, we investigated the correlation between
concentrations of siloxanes and POPs in Table 5. TOC normalized concentrations were applied as the

input data for the Spearman correlation analysis.

Table 5. Spearman correlation analysis between siloxanes and POPs.

Cyclic siloxanes | Linear siloxanes | Total siloxanes
PCDD/Fs .486™ .490™ 511
PCBs 807" 677 .802™
PCNs 707 637" 730"

**Correlation is significant at the 0.01 level (2-tailed)

As a result, cyclic and linear siloxanes had positive correlations with the POPs. The POPs have similar
physicochemical properties to siloxanes, in that they have hydrophobicity and lipophilic characteristics
(Herbert et al., 2004; Nguyen et al., 2016). In addition, the main pollution sources of POPs are paint
and chemical facilities, as is the case with siloxanes (Lee et al., 2018; Nguyen et al., 2016; Xu et al.,
2015). Therefore, their similar properties and common pollution sources may have led to the positive
correlation. In addition, both siloxanes and POPs showed high concentration levels near commercial
ports, WWTPs, and downstream of industrial complexes, indicating that the mixture of industrial

activities rather than a specific industry is the major contamination sources of the contaminants.
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3.5 Principal component analysis (PCA)

PCA was done to identify the relationships between distribution patterns of siloxane congeners and
sampling sites. The siloxane profiles of sediment in the four bays were used for the analysis. The 8
compounds (D4-D7, L8-L11) which had a detection frequency of over 80% were selected, and any
value below the detection limits was substituted by half of the detection limits. For the normalization,
concentrations of the selected siloxanes were divided by the total siloxane concentrations of all 8

compounds at each site. These normalized siloxane concentrations were used as input data for PCA.
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Figure 15. Results of principal component analysis: (a) score and (b) loading plots.

The results of PCA are shown in Figure 15. In the loading plot, the principal component 1 (PC 1),
explaining 46.5% of the total variance, have positive PC loading values for the linear siloxane group
and negative values for the cyclic siloxane group, except for D4. In the score plot, most of the sediment
samples collected from Jinhae bay (orange dots) have positive PC 1 scores, indicating that Jinhae sites
were much more correlated with linear compounds than cyclic compounds. As we mentioned earlier,
Jinhae bay had a higher proportion of linear siloxanes to total concentration (38%) than the other three
bays (27%). Meanwhile, negative PC 1 loading values were related to the three cyclic siloxanes (D5—
D7). Among them, D5 and D6 are mainly associated with the samples represented by triangles, which
have the top 25% concentration levels, in the score plot. This suggests that the cyclic compounds
contributed more to the highly contaminated sediment samples. Indeed, the two cyclic siloxanes had

higher fractions in the top 25% concentration sites (67%) than the other sites (49%).
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3.6 Probabilistic distributions of hazard quotients

Cyclic siloxanes were detected in all 69 coastal sediments from the four regions with high
concentrations and are known to cause potential toxic effects on marine organisms (Rticker and
Kummerer, 2015). Therefore, it is required to evaluate the possible risks to organisms of siloxanes in
coastal sediment. The results of the Monte Carlo simulations of hazard quotient for the three cyclic

siloxanes (D4-D6) are shown in Table 6 and Figure 17.

The results show that all the HQs are lower than the threshold levels (HQ < 1), suggesting that the three
compounds do not seem to cause ecological risk to sediment dwelling organisms. According to the 95th
percentile values of the hazard quotient, the highest HQ value was found in Busan, followed by Ulsan,
Jinhae, and Gwangyang. In addition, D6 had the highest value among the three target compounds. The
result of the Monte Carlo simulations in our study was similar to previously reported data, which also
concluded that the risk of siloxanes to organisms is low (Fairbrother and Woodburn, 2016; Liu et al.,
2014; Woodburn et al., 2018; Zhi et al., 2018). However, risk assessment in our study was done for
only one environmental compartment (sediment) with a limited amount of toxicity data. Due to the
scarcity of information and potential cocktail effects of siloxanes, it is necessary to investigate the

ecological risk of siloxanes in various environmental compartments in further studies.
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Figure 16. Example of the Monte Carlo simulation for D6 in Ulsan.
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Table 6. Hazard quotients of three cyclic siloxanes in sediment of the four regions.

Percentile
Compounds Site Mean (nP/NE d(\:/v)
5th 50th 95th 99
Busan 7.6E-03 4.0E-04 3.2E-03 2.8E-02
Ulsan 41E-03 7.7E-04 209E-03 1.1E-02
D4 1,300
Jinhae 44E-03 1.4E-03 3.7E-03 9.6E-03

Gwangyang 1.3E-03 4.6E-04 1.1E-03 2.9E-03

Busan 2.8E-02 14E-03 1.2E-02 1.0E-01
Ulsan 1.1E-02 1.1E-03 6.2E-03 3.6E-02

D5 6,900
Jinhae 7.7E-03 5.1E-04 3.8E-03 2.7E-02

Gwangyang 8.2E-04 2.2E-04 6.6E-04 2.0E-03

Busan 39E-02 6.0E-03 2.6E-02 1.1E-01
Ulsan 25E-02 5.1E-03 19E-02 6.7E-02

D6 4,840
Jinhae 15E-02 1.5E-03 8.6E-03 4.9E-02

Gwangyang 2.7E-03 9.3E-04 2.3E-03 5.7E-03

0.12
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Figure 17. Mean and 95" percentile of HQs of three cyclic siloxanes in sediment of the four regions.
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IV. CONCLUSIONS

This study identified the widespread distribution of siloxanes in coastal environments in South Korea
because siloxanes were detected with high concentration levels in all surface sediment samples.
Generally, D5 and D6 were the predominant compounds among cyclic siloxanes in coastal sediment,
and L10 and L11 were the predominant compounds among the linear siloxanes. In addition, cyclic
siloxanes accounted for much more of the total siloxanes than linear siloxanes, implying the higher

consumption tendency of cyclic siloxanes in the sampling areas.

From the spatial distribution analysis for the four studied sites, the highest concentration of siloxanes
was found in Busan, followed by Ulsan, Jinhae, and Gwangyang. Additionally, the concentration levels
in Busan and Ulsan are among the highest in the world. Relatively high concentrations of siloxanes
were found in the coastal sediment collected from rivers near cities, commercial ports, WWTPs, and
industrial complexes, reflecting the significant influences of industrial and domestic activities on
siloxane contaminations. Therefore, the concentrations of siloxanes generally decline from the estuary

to the sea.

According to the Spearman correlation analysis, each siloxane, except low molecular weight linear
siloxanes, had a positive correlation with the other congeners, suggesting common pollution sources
such as silicone blends. Furthermore, siloxanes had positive correlations with TOC content in sediment
and concentrations of POPs, due to the hydrophobic and lipophilic nature of siloxanes. The results of
PCA confirmed that the highly contaminated sites were significantly influenced by cyclic siloxanes,

and the sites in Jinhae were strongly contaminated by linear siloxanes.

Eventually, the Monte Carlo simulations of hazard quotient for the cyclic siloxanes indicated that the
risk of cyclic siloxanes to aquatic organisms is negligible. However, due to a limited amount of data at
present, and potential cocktail effects of siloxanes in coastal environments, it is necessary to further

evaluate other potential ecological risks of siloxanes in various environmental compartments.
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