Environmental Pollution 286 (2021) 117461

Contents lists available at ScienceDirect
ENVIRONMENTAL
POLLUTION

Environmental Pollution

journal homepage: www.elsevier.com/locate/envpol

ELSEVIER

Check for

Evaluating the fate of hexabromocyclododecanes in the coastal e
environment: Fugacity analysis using field data

Yoonsub Kim ?, Hwang Lee *”, Mi Jang ¢, Sang Hee Hong ¢, Jung-Hwan Kwon *"

2 Division of Environmental Science and Ecological Engineering, Korea University, 145 Anam-ro, Seongbuk-gu, Seoul, 02841, Republic of Korea

b Korea National Cleaner Production Center, Korea Institute of Industrial Technology, Hansin Intervalley 24 East B/D 18F, 322 Teheran-ro, Gangnam-gu, Seoul, 06211,
Republic of Korea

¢ 0il and POPs Research Group, Korea Institute of Ocean Science and Technology, 41 Jangmok 1-gil, Jangmok-myeon, Geoje, 53201, Republic of Korea

ARTICLE INFO ABSTRACT

Handling Editor: Maria Cristina Fossi Abundant use of plastic materials has increased the amount of microplastics (MPs) and related hazardous

chemicals in the marine environment. Hexabromocyclododecanes (HBCDs), brominated flame retardants added

Keywords: to expanded polystyrene (EPS), have been detected in biotic and abiotic samples. In this study, the partition
Expanded polystyrene constants of HBCDs between plastics and seawater (Kps,) were determined. Fugacities of HBCDs in EPS,
Fugacity

seawater, sediment, and mussels were obtained to determine the directions of the diffusive flux. The fugacities in
EPS (fgps) were greater than those in seawater (fs,), sediment (fiq), and mussels (fswmussel-Eps and fmussel-rock) DY
three orders of magnitude, indicating that EPS plastics are a significant source of HBCDs. The fuussel-rock Of
o-HBCD in rock mussels was greater than f;, by factors of 1.7, whereas the fyyssel-rock of Y-HBCD was smaller than
fsw by factors of 16, indicating the bioisomerization from y-to a-HBCD. The relatively constant concentration ratio
of p-HBCD to the total HBCDs indicated that 8-HBCD is a sufficient tracer for determining the diffusive flux. The
fsea values of HBCDs were greater than f;, by factors of 17-28, implying a probable advective vertical flow of

Hexachlorocyclododecanes
Partition constants

HBCDs from the EPS plastics, which requires further investigation.

1. Introduction

The significant use of plastic products in modern society has caused
an increase in plastic debris in the marine environment. One of the main
concerns is that the microplastics (MPs) release non-covalently bound
hazardous additives with several potential adverse consequences to the
marine environment (Hahladakis et al., 2018; Kwon et al., 2017; Teuten
et al., 2009). These additives may be found in up to 70% of plastic
products (Andrady et al., 2019) and their release rate into the envi-
ronment depends on their physicochemical properties as well as envi-
ronmental characteristics (Hahladakis et al., 2018; Kwon et al., 2017;
Teuten et al., 2009).

Hexabromocyclododecanes (HBCDs), which are brominated flame
retardants widely used since the 1960s, are mainly used for expanded
polystyrene (EPS) (Rani et al., 2014). The total global production of
HBCDs in 2001 was 16,700 tons (Law et al., 2005). HBCDs were listed as
persistent organic pollutants (POPs) in the Stockholm Convention due to
their potential for persistence, bioaccumulation, and toxicity (UN,
2013). Although restrictions have been placed on the manufacture,
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trade, and use of HBCDs, they were used until 2019 in Brazil, Turkey,
Czechia and Saudi Arabia, and until 2020 in Korea, while their pro-
duction and use in China are still ongoing (UNEP, accessed Jan 6, 2021).
In 2013, approximately 1536 tons of HBCDs were used in Korea and 238,
000 tons have been produced in China to date (Li et al., 2016; UNEP,
accessed Jan 6, 2021). The use of EPS in substantial quantities persists in
the fish industry, despite its use as buoys having caused severe marine
contamination of polystyrene MPs (Lee et al., 2015). Approximately
3974 tons of EPS buoys are discarded from aquaculture facilities in
Korea each year, resulting in 74.6% (w/w) of the MPs with a size of 1-5
mm on coastal beaches (Jang et al., 2014; Lee et al., 2015). HBCDs are
detected not only in EPS but also in biotic (e.g., mussels) and abiotic
samples (e.g., seawater and sediments) (Al-Odaini et al., 2013, 2015;
Covaci et al., 2006; Gu et al., 2017; Hong et al., 2013; Jang et al., 2016,
2017; Rani et al., 2014). Studies of Asia-Pacific coastal regions found
HBCD concentrations of 0.05-3350 pg g~ in EPS (Jang et al., 2017;
Teuten et al., 2009), while 23.1-5160 ng g~* lipid weight was found in
mussels (Jang et al., 2016), and 0.08-1.62 ng L™! and 0.0860-49.9 ng

g1 of dry weight in seawater and sediment, respectively (Al-Odaini
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et al., 2015; Hong et al., 2013).

Commercial HBCD mixtures consist mainly of a- (10%-13%), f-
(1%-12%), and y-HBCD (75%-89%). These technical mixtures are
added to EPS as flame retardants (Covaci et al., 2006). Furthermore,
bioisomerization of y-to a-HBCD occurs (Law et al., 2006). Although the
concentrations of HBCD in coastal environments have been monitored,
their partition properties among environmental media have not been
conducted to provide a comprehensive understanding of their environ-
mental fate. In environmental systems, chemicals flow from high to low
fugacity. When additives such as HBCDs are found concentrated in
plastic materials, EPS MPs are an important source of HBCDs, whereas
other plastic materials such as polyethylene (PE) and polypropylene
(PP) are efficient sinks of HBCDs (Jang et al., 2016; Rochman et al.,
2014; Teuten et al., 2009). However, the partition constants of HBCDs
between plastics and seawater (Kpg,) have not been extensively deter-
mined, making it difficult to evaluate the fate of HBCDs in the coastal
environment.

This study aimed to quantitatively evaluate the fate of HBCDs in the
coastal environment. Values of Kpg,, were obtained for a-, -, and y-HBCD
using the three-phase equilibrium method applied in a previous study
(Lee et al., 2014). PE, PP, polystyrene (PS), and EPS were chosen as
representative plastics in the coastal environment because they are most
widely used plastic materials and detected as MPs. A fugacity analysis
was conducted by comparing the fugacity levels of HBCDs in the envi-
ronmental media, presenting the direction of their diffusive flux in the
coastal environment.

2. Materials and methods
2.1. Chemicals

The a-, -, and y-HBCD, and isotope-labeled standards of Bc.q, B-,
and y-HBCD were purchased from Wellington Laboratories (Guelph, ON,
Canada). Artificial sea salt was purchased from Sigma-Aldrich (St. Louis,
MO, USA) and used to make artificial seawater at 35%.. Medical grade
polydimethylsiloxane (PDMS) sheets (thickness = 1 mm, density = 1.17
g cm ™) were purchased from Specialty Silicone Products, Inc. (Ballston
Spa, NY, USA). The PE (thickness = 75 pm, density = 0.94 g cm™3), PP
(thickness = 25 pm, density = 0.90 g cm™>), and PS (thickness = 29 pm,
density = 1.05 g cm™>) films were purchased from Goodfellow Cam-
bridge Ltd. (Huntingdon, UK). EPS sheets (thickness = 300 pm, density
= 0.025 g cm™>) were prepared by cutting bulk EPS purchased from a
local market. PDMS sheets were used in the phase equilibrium method
owing to the ease of handling and its chemical inertness. They were cut
into disks (diameter = 6 mm) and the PE, PP, and PS films were cut into
square sheets (1 cm x 1 cm). EPS sheets were cut into rectangular sheets
(4 cm x 1 cm). PDMS disks, PE, and PP sheets were cleaned using n-
hexane and methanol for 24 h each and stored in methanol until use. The
PS and EPS sheets were cleaned in a Soxhlet extractor using methanol for
12 h and stored in methanol until use. HBCDs were not detected above
the detection limits in cleaned PDMS, PE, PP, PS, and EPS.

2.2. Partition constants between PDMS and seawater (Kpppissw)

The Kpppssw values were measured using the aqueous boundary layer
(ABL) permeation method (Kwon et al., 2007). Further details regarding
the theory and experimental procedure for the ABL permeation method
can be found in previous studies (Kwon et al., 2007; Lee et al., 2012) and
the Supplementary Material. In summary, a donor PDMS disk loaded
with HBCDs was prepared using a methanol:water ratio of 6:4 (v/v). The
donor and acceptor disks were separated using a 6 mm thick artificial
seawater layer. The thickness of ABL was estimated to be 12.5 pm
because this experiment was conducted in accordance with the experi-
mental design indicated in previous studies (Fig. Sla) (Kwon et al.,
2007; Lee et al., 2012; Lee et al., 2014). The mass transfer rate was
obtained by measuring the concentration of the donor (C4) and acceptor
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(Cy) disks and plotting log [1-2C,/(C; + Cq)] vs. time. The value of
Kppmssw was derived using the mass transfer rate. The disks were
extracted using 1 mL dichloromethane for 24 h, which was exchanged
with acetonitrile for a high-performance liquid chromatography (HPLC)
analysis. All experiments were conducted at 25 °C.

2.3. Partition constants between plastics and seawater (Kpsy,)

Owing to the strong hydrophobicity of HBCDs, a significant amount
of time is required to reach equilibrium in the plastics-seawater system.
Thus, Kpg, was obtained using a phase equilibrium method to overcome
this experimental difficulty (Lee et al., 2014). To determine the partition
constants between EPS and seawater (Kgpssy), the equilibrium distri-
bution ratio between EPS and PDMS (Kgps.ppms) was calculated using Eq.
(1), whereas the equilibrium distribution ratios between the plastic
material and a solvent mixture (methanol:water = 6:4, v/v) (Kpsy) and
those between PDMS and the solvent mixture (Kppyssm) were used to
derive Kpgy (Eq. (2)). Concentrations of a-, -, and y-HBCDs in the sol-
vent mixture were 20.5, 11.6, and 12.5 mg L™}, respectively. Methanol
only causes a limited swelling of PS, thus, it was presumed that it did not
significantly alter the sorptive properties of polymers (Gilbert et al.,
2016; Lee et al., 2003).

Kepssw = KppmsswKeps—pous (@)
K Psm
Kpgw = Kppusswr—— 2
Kpppssm

An EPS sheet was placed between the two pre-loaded PDMS sheets.
The EPS and PDMS sheets were firmly in contact with the magnets
(Fig. S1b, Supporting Information). After the designated time intervals
based on a preliminary experiment, the EPS and PDMS sheets were
extracted using 1 mL and 1.5 mL of dichloromethane, respectively. To
determine Kpy,, each vial containing PE, PP, PS, or PDMS and the solvent
mixture was agitated at 150 rpm using a shaking incubator (Fig. S1c).
After the designated time intervals, a plastic sheet (or PDMS disk) was
removed and rinsed using 1 mL of methanol:water (6:4, v/v) and 1 mL of
distilled water. The plastic sheet (or PDMS disk) was extracted using 1
mL of dichloromethane, which was exchanged with acetonitrile for PE,
PP, and PDMS. Because PS and EPS dissolve in dichloromethane, 19 mL
of hexane was added to the solution to recrystallize the PS and EPS. The
crystals were then filtered through a polytetrafluoroethylene (PTFE)
filter (0.45 pm). After the removal of PS and EPS, a mixture of hexane
and dichloromethane was exchanged with acetonitrile. All experiments
were conducted at 25 °C.

2.4. Fugacity analysis

Reported field data in seawater, sediment, and mussels were used to
calculate the fugacity of HBCDs in the coastal environment (Al-Odaini
etal., 2015; Hong et al., 2013; Jang et al., 2016). All sampling points for
each matrix used for fugacity calculation was situated inside the Jinhae
Bay (Fig. S2) and samples were collected within 3 years (from 2010 to
2013). The number of samples are 26 for seawater (14 stations), 19 for
sediment (19 stations), 7 for mussel-rock (6 stations), 28 for mussel-EPS
(11 stations), and 48 for EPS (11 stations), respectively. In case of
mussels, more than 30 individuals were used for one sample of HBCD
analysis. Therefore, the field data are considered sufficient to represent
the HBCD concentration in this area. EPS buoys that are commonly used
in aquaculture farms contain 0.0256-419 (median: 1.52), 0.00737-232
(median: 0.651), and 0.0673-4690 (median: 15.0) pg g’1 of a-, p-, and
v-HBCD, respectively (Jang et al., 2016), the concentrations in seawater
were 0.0221-0.330 (median: 0.0748), 0.0100-0.159 (median: 0.0315),
and 0.0207-0.693 (median: 0.0923) ng L1 (Hong et al., 2013). The
concentrations in the sediment were n.d.—6.96 (median: 0.632), n.
d.—3.96 (median: 0.410), and 0.0860-39.0 (median: 2.94) ng g’ldw for
a-, B-, and y-HBCD, respectively (Al-Odaini et al., 2015). The
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concentrations in mussels inhabiting rocks were 0.237-0.632 (median:
0.430), n.d.—0.0564 (median: 0.0205), and 0.0193-0.155 (median:
0.0505) ng g 'ww, and those for the mussels inhabiting the EPS buoys
were 0.0937-10.1 (median: 0.921), n.d.—2.48 (median: 0.123), and
0.132-86.6 (median: 0.793) ng g 'ww for o-, B-, and y-HBCD, respec-
tively (Jang et al., 2016). Because environmental monitoring studies
(Al-Odaini et al., 2015; Hong et al., 2013; Jang et al., 2016) have been
conducted in different years at different sampling locations, the median
values were used for fugacity analysis to demonstrate fugacity gradients
in the coastal regions.

The fugacity of HBCDs in each medium (fyeqium) Was calculated using
the following equations:

Jers = Ceps KEPZ?W’ (3)
fow=CoKir, @
K,
frea :cwdf”, and 5)
d
K,
Fouusset = cmmzﬁ’;, (6)

where Crps (18 8 1), Cow (8 L), Cyea (08 8" aw), and Cruusset (8 8 ww)
represent the concentration of HBCDs in the EPS plastics, seawater,
sediment, and mussels, respectively. Kgpss, is the partition constant
between EPS and seawater (L kgg,}s), Ky is the Henry’s law constant (Pa
m? mol’l), Ky is the partition coefficient between sediment and water (L
kgs’eﬁ), and BAF is the bioaccumulation factor (L kg’lww). Values of Ky
were calculated by multiplying the partition coefficient between organic
carbon and water (K,.) and the fraction of organic carbon (f,.) of the
sediment, which was set to 0.02 (Cho et al., 2013). Ky, K¢, and BAF
were estimated using EPI Suite™ equations (US EPA, 2012) based on the
experimental octanol-water partition constant (K,,) (Guerra et al.,
2011). Because estimated K4 values assuming that HBCDs are sorbed
only to organic carbon, estimated fugacities in sediment have relatively
larger uncertainties. It should be also noted that the temperature
correction was not made for fugacity calculation because temperature of
environmental samples was not specified. Although partition constants
may change by a factor of 2-4 within the environmental temperature
range of 15 °C (Bahadur et al., 1997; Lei et al., 2000), the effects of
temperature were neglected because the range of monitored concen-
tration outweighed and determine the fugacity gradients among media.

2.5. Instrumental analyses

The identification and quantification of the chemicals were per-
formed using an HPLC connected to a triple-quadrupole mass spec-
trometer TQ5500 (SCIEX, Framingham, MA, USA). The HPLC and mass
spectrometer operating conditions were slightly modified from those
indicated by previous studies (Al-Odaini et al., 2013; Jang et al., 2016).
In summary, the separation of each chemical was achieved on a Zorbax
Eclipse C18 reversed-phase analytical column (4.6 x 150 mm i.d., 3 pm
particle size, Agilent Technologies). The gradient program consisted of
two mobile phases (A = water:methanol, 15:85, B = methanol:aceto-
nitrile, 70:30). Mass spectrometry analyses were performed in the
multi-reaction monitoring and atmospheric chemical ionization nega-
tive mode. Quantification was based on the transitions 639/79 and
652/79 for a-, §-, and y-HBCD and Bcq., f-, and y-HBCD, respectively.
The instrumental detection limits were quantified as 0.5, 1.0, 2.5 ng
mL™! for a-, p-, and y-HBCD, respectively. Because the measured con-
centrations of all laboratory-prepared samples were greater than the
lowest external standard (5 ng mL’l), it was regarded that all mea-
surement was conducted within the linear dynamic range of the in-
strument. Before the instrumental analysis, 20 ng of each '3C-o-, p-, and
y-HBCD were spiked into samples to correct any variations in
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instrumental analysis.

Extraction recovery was assessed using polymers prepared by spiking
3 and 5 pL of HBCD solution with concentrations of 9.61, 5.22, and 7.49
mg L7! for a-, -, and y-HBCD, respectively. Measurements were con-
ducted in triplicate for each initial spiking volume. Table S1 presents the
extraction recoveries of HBCDs from PDMS, PE, PP, PS, and EPS.

3. Results and discussion
3.1. Determination of partition constants

Fig. 1a presents the mass transfer kinetics obtained by measuring the
concentrations of both the donor (C4) and acceptor PDMS disks (C,). The
solid lines indicate the mass transfer kinetics obtained by a linear
regression analysis of the experimental values. The values of log Kpppssw
were 4.01, 4.14, and 4.66 for a-, p-, and y-HBCD, respectively (Table 1).
The concentration ratio of Cgps/Cppums was measured to obtain Kgps.ppus.
Kgps.ppums values were obtained from the average of the last four data
points, including the 12-day data. Although it seems that equilibrium
was reached after 12 days (Fig. 1b), there might be an uncertainty
considering that the 38-day results show slightly higher values than the
21-day values.

Cp/Csn and Cppys/Csm were measured to obtain Kpsn/Kppyssm
(Figs. S3 and S4). Kpgsy, was obtained using the average of the last three
data points, including the 42-day data. Because PP and PS were thinner
than PE, a shorter time was required to reach equilibrium (Fig. S3). The
average of the last four data points was used to obtain Kppsp, and Kpggn. A
period of 12 h was sufficient to reach equilibrium for Kpppssm, which
was obtained using the average of the last four data points, including the
12-h data (Fig. S4). Kpg, values were then calculated using Eq. (2).

Table 1 summarizes the partitioning properties of HBCDs. The log-
arithmic values of Kpy, were 4.37-5.24, 3.77-4.57, 3.41-4.10, and
3.18-3.91 for PE, PP, PS, and EPS, respectively. The sorption capacities
of PS and EPS were slightly lower than those of PE and PP owing to the
difference in the state of each plastic at ambient temperature. The glass
transition temperatures (T,) of PE and PP were reported to be approxi-
mately 200 K and 279 K, respectively, indicating a rubbery state at 25 °C
(Lee et al., 1998; Yang et al., 2016). Rubbery regions of PE and PP have
relatively greater flexibility, allowing them to have higher sorption ca-
pacity. PS and EPS, however, are in a glassy state (T, of PS = 373 K) at
25 °C, restricting molecular vibrational and short-range rotational mo-
tions (Endo and Koelmans, 2019).

The values of log Kgpssy were 3.18, 3.32, and 3.91 for o-, f-, and
v-HBCD, respectively, similar to those of log Kpss,, which were 3.41,
3.84, and 4.10 for a-, p-, and y-HBCD, respectively. The foaming process
during the production of EPS generates pores (average pore diameter =
39.3 nm) (Zhang et al., 2018). Although the existence of pores increases
the surface area of EPS significantly greater than that of PS, it is not
likely to affect partition constants because the large pores apparently do
not alter micropores less than 2 nm where HBCDs are sorbed. A previous
study indicated that the micropores were not detected in the virgin EPS
whereas they were found in weathered beach EPS (Zhang et al., 2018).
Insignificant differences between log Kgpss,, and log Kpss,y could be due
to the lack of significant differences in their sorption sites. However,
changes in the EPS sorption properties with weathering needs to be
investigated because EPS could be degraded much more easily than PS,
and micropores affecting the sorption phenomena may be formed during
the dynamic degradation of EPS under environmental conditions.

3.2. Fugacity analysis

Fig. 2a illustrates the median fugacities of the HBCDs in the coastal
environment. The range of 3-HBCD fugacities, which is the main tracer
of the fugacity analysis, is presented in Fig. 2b and those of o- and
y-HBCDs are shown in Fig. S5. The values of fgps were 1.71 x
10 '%-2.81 x 107 (median: 1.02 x 1071), 3.50 x 107 '*-1.10 x 10~°
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Fig. 1. (a) Mass transfer kinetics of hexabromocyclododecanes (HBCDs) used to obtain the mass transfer coefficient between the donor and the acceptor PDMS disks.
Error bars indicate standard deviation of triplicate measurements. (b) Changes in Cgps/Cppys (expanded polystyrene/polydimethylsiloxane concentration ratio) of

HBCDs with increasing contact time.

Table 1
Physicochemical properties of hexabromocyclododecanes (HBCDs).

Chemicals  Log Log Log Log Log Log
KDW KPDMSSW KPESW KPPSW KPSSW KEPSSW
! [Kpgsw in [Kppswin  [Kpsgwin — [Kgpssw in
Ly Ly Lo Ly kgips]
kg ] kgpp ] kgps]
o-HBCD 5.07 4.01 4.38 3.73 3.36 3.18
(3.96, (4.31, (3.55, (3.15, (3.12,
4.07) 4.45) 3.86) 3.50) 3.25)
p-HBCD 5.12 4.14 4.72 4.10 3.79 3.33
(4.09, (4.66, (3.98, (3.53, (3.25,
4.20) 4.79) 4.20) 3.96) 3.40)
y-HBCD 5.47 4.66 5.25 4.58 4.08 3.91
(4.62, (5.17, (4.48, (3.71, 3.77,
4.71) 5.32) 4.67) 4.27) 4.03)

Values in parentheses are the lower and upper 95% confidence limits. Confi-
dence limits were calculated using error propagation. Kgpss, values might be
underestimated due to the insufficient equilibration time.

2 Guerra et al., 2011

(a)

feps (102000, 30900, 188000) b
fmussel-EPS (27-6: 3.29, 925)

Tsw (759, 320, 9:37)
fmussel-rock (129, 0~549v 0588)

P

fseq (128, 75.6, 265) \‘

(median: 3.09 x 10712), and 8.41 x 107 1*-5.86 x 10~° (median: 1.88
x 10711) Pa for a-, p-, and y-HBCD, respectively. These fyps values were
greater than the fugacities in seawater (f;,), sediment (f;.q), and mussels
(frnussel-EPs and frussel-rock) DY at least three orders of magnitude, the fissel-
gps values were greater than the fpusselrock Values by one order of
magnitude. Because mussels may uptake HBCDs from the EPS particles
in fitting size ranges or from the ventilation of water (Jang et al., 2021),
a value of foussereps that is higher than that of fiusserrock implies the
importance of the intake of EPS particles or greater seawater concen-
trations near mussels inhabited on EPS buoys. Hong et al. showed that
the concentration of HBCDs in seawater decreased with the distance
from aquaculture farms where EPS buoys were used (Hong et al., 2013).
Together with the fugacity analysis in this study, the concentration
gradient in seawaters from aquaculture farms suggested that EPS buoys
are significant sources of HBCDs in the coastal environment (Hong et al.,
2013; Jang et al., 2021).

A thorough investigation of the HBCD isomer fugacities reveals that
their environmental distribution is isomer-specific. The frusserock Value
of a-HBCD was 12.9 x 107! Pa, which is 1.7 times greater than that of
few» indicating that a-HBCD flows from mussels inhabiting rocks to

(b)
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Fig. 2. (a) Median fugacities of HBCDs in the coastal environment. The arrows indicate the mass flow direction of p-HBCD. (b) A box-and-whisker plot of p-HBCD
fugacities in environmental media. The lines inside the box indicate the median. The lower and upper box boundaries are the 25th and 75th percentiles, and lower

and upper lines indicate the minimum and maximum values.
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seawater. However, the fussel-rock Value of y-HBCD was lower than that
of fqy by a factor of 16, suggesting that y-HBCD flows in the opposite
direction. This difference between isomers could be explained by the
bioisomerization of y-HBCD to a-HBCD in the body and resistance of
a-HBCD to biotransformation by the cytochrome P450 (CYP) system (Du
etal., 2012; Zegers et al., 2005). The CYP of mussels may have decreased
the isomer ratio of y-HBCD and increased that of a-HBCD. Unlike o- and
y-HBCD, B-HBCD had a relatively constant isomer ratio in the environ-
mental media, indicating that $-HBCD could serve as a good tracer to
determine the diffusive flux of a technical mixture of HBCDs added in
EPS (Fig. S6). Although the fate of each isomer was different owing to
the biological transformations, the HBCDs leached from EPS were
transferred to mussels via seawater, considering the slightly lower value
of frussel-rock for f-HBCD compared to that of f,.

Notably, calculated fugacities in sediment were greater than those in
seawater. If HBCDs were first leached from the EPS plastics to seawater
and then transported to other media, a greater value of f, would be
expected than that of fieq Or fiussel- However, the median fiq was
significantly higher than the median f;,, by factors of 17, 24, and 28 for
a-, B-, and y-HBCD, respectively (Fig. 2a), implying a possible advective
transport of HBCDs from the EPS plastics to the sediments. Because the
concentrations of HBCDs in the sediments collected in the Jinhae Bay,
where aquaculture farms are densely populated, were distinctly higher
than in those collected outside of the Bay (Al-Odaini et al., 2015), the
hypothesis of vertical advective transport of EPS debris requires further
investigation. Although EPS has a low density, fragmentation of EPS to
smaller particles eliminates trapped air and eventually increases its
density to a value close to that of PS. Earlier studies detected EPS MPs in
sediments (Abidli et al., 2018; Wu et al., 2020). In addition, EPS can
form a biofilm and settle on the sediments and further coagulate with
other naturally occurring particles. With an increase in the thickness of
biofilm, the density of MPs also increases, and the extracellular poly-
meric substances secreted by the biofilm could result in the aggregation
of MPs with other particles, which may cause vertical sinking (Rummel
et al., 2017; Tarafdar et al., 2021; Zhou et al., 2018).

3.3. Implications of the study

High fugacity values of HBCDs found in the EPS buoys compared to
those in other media indicate that removal of EPS buoys would reduce
the level of HBCDs in the coastal environments. Recent regulations in
Korea banning the use of EPS buoys for aquaculture purposes (Kang,
2020) are expected to be of significant help in this regard. However,
because sediments can be an important secondary source of HBCDs, as
observed from the greater value of f;.q compared to that of f;,, continued
monitoring will be required in contaminated areas.

The fugacity analysis in this study implies that vertical sinking is an
important transport process for HBCDs originating from EPS. Because
diverse plastic additives are added, and little is known regarding their
environmental impacts, the vertical advective flow of persistent chem-
ical additives is important in the assessment of their environmental fate
as well as the fate of MPs on a global scale.

4. Conclusions

Partitioning properties of HBCDs were evaluated and their contam-
ination and diffusive flux in the coastal environment were assessed
based on fugacities of f-HBCD in EPS, seawater, sediment, and mussels.
The highest fugacity in EPS (fgps) suggests that EPS plastics have been
strong sources of HBCDs. Higher fugacities in sediment than those in
seawater by factors of 17-28 might be owing to vertical sinking of EPS
debris containing high concentration of HBCDs after coagulation with
other particles, although this hypothesis requires further investigation.
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