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ABSTRACT

£ Aol A= dlig 5 A ENA AEH 0= o] G0 &= Q= A8 5 I (freely dissolved concentration) & H.TF 411 w2 7]
AZSLA 55 1402 FHAT|E 558 AW AAE Aot o] 145124] 55 A% 3 (high speed rotation-type
passive sampling device) S L T 5|9 of] 2-8-51o] Sl F The RS54 (polycyclic aromatic hydrocarbons, PAHs) <] 2
&Y L5 S0kt Tt th-8-F ol A3 (high volume water sampling). . 258 413t PAHs 2] -8-F/ 5 (dissolved
concentration)o 11458184 55 Y A2 E 0] 1§ 8EH SIS ] wate] YR AHAHO 2 o] & H S g1 EL
ZAFstet. 71 A}, 145314 -5 AF 2] BE Y] 2114 E 900 ipm O 2 7HE S W, 4 d o] Wi A AF PAHs 2}
= (log Kow 3.4~ 5.2)2 547 ghof] ogof] skl W Ao w2 -2 122} SFetaE(log Kow 5.6 ~ 6.8)2] 737, 3
ol mdot= o] A= AR H A 204 et E A 299 A0 2 A= I} Tefut A E A-EH (performance reference
compounds) & O- & 7%, sAH 7FET o = &= B FH I A O] A2t shehE o] F i Al 50] hs st 5 A RS A
B5to] A H 2AN o4 2] PAHs O] AHH-E 24 525 0.32 ~ 1.2 ng/LO 2 T2 T ol A 9] s H b =gk gt 4Lt 5
Qb Z-2 ARPE th= mlj-¢- W2 o itk 854 H A8 0] BF HEE PAHSE tF 02 AEoA o8 2 4= Q= H]
&2 A5 w7 = wlEs) S X9k AR FAEONA 7 =0k T3t AR AW A REEE AS5se o, H71= HiEsh
o] ghel ofal7} Aeknrh H A F& HoR ekt

A new high speed rotation type-passive sampling device (HSR-PSD), which can rotate seawater at high speed and absorb easily and
quickly the freely dissolved hydrophobic organic contaminants from seawater, was developed and then applied around the Korean
Peninsula. Freely dissolved concentrations (Ce.e) of polycyclic aromatic hydrocarbons (PAHs) were determined using the HSR-PSD
with low density polyethylene (LDPE) sheets as a passive sampler. Furthermore, dissolved concentrations (Cgissolved) Of PAHSs in
seawater were also obtained from high volume water sampling as a conventional method to account for actual bioavailability. When the
LDPE sheets were rotated in the HSR-PSD at 900 rpm, PAHs with log Kow 3.4 ~ 5.2 were equilibrated between the LDPE and water in
5 hours. Although the high molecular weight PAHs with log Kow 5.6 ~ 6.8 was expected to be 2 to 30 days to reach the equilibrium, the
Chee 0of the PAHs at equilibrium could be corrected using performance reference compounds in 5 hours. Meanwhile, the total Cgee of
PAHs were from 0.32 to 1.2 ng/L, which were higher than reported values in other oceans, but lower than in coastal water such as
estuary, harbor, or shore. A bioavailability from the detected PAHs was highest at the sampling line near the dumping site of the Yellow
Sea. Predicted residual concentrations in biota were relatively higher in offshore including the dumping site than in coastal regions.

Keywords: Passive sampler, Water boundary layer, Freely dissolved concentration, Performance reference compounds, Polycyclic
aromatic hydrocarbons
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244 7712 F=Z (hydrophobic organic contaminants)< ZHFAd, AE-55, =254 LS 7= Folled =,
A 25E 2p4 F71 L dE24 0] 7 H QoA 9] @ A2 7] 9 sl Qs 2fsfof] A Aleh= A=l
QItH(Perugini et al., 2007; Kim and Stapleton, 2010; Wang et al., 2019). 254 77| 2 @52 ] A=5H4 3k 2 s
X] As2 mtefstr] Halixle slisollA1] akot Afm 7t Ha-Ao|2]gh, @ o] ulle- S Lfsfjoll A o] FE S451]
A= 100 L o} A&7} R Elojof HEo] 7551l 24 Al AdE et st AlTto] 48 &= oj2fzo] Stk

5% A3 (passive sampling)> 71E0] D31 Az A5{R(grab sampling) ] TAIE Hets £ 4= Y=o,
S7 e L A=A FotohH T E ARG 4 ol oH, W HERMAE 7 B = pg/L 8 2AS A AE 7S
SIHBooij et al., 2014; Moschet et al., 2014). 5ol 41 2] 244 77| @ GEA-2 AR (particulate phase) F= -85
Et4(dissolved organic carbons) E Z=2 0| =9} ZHe @ K(dissolved phase)oll 2= AL, B4 AR5 85
&) = A8 J(freely dissolved phase). & EAfRI. sl A iRt e = EA6= 494 7] L A=4 5 3A)
2 Sfste] 2ol AEH o g o] H ol 4 Ql=(bioavailable) FE= L2 A] AH-8E4RE SfFHEHITRC, 2011;
USEPA, 2012; Perron et al., 2013). <53 7| (passive sampler)+=-857-7 [EHAL S 2 0| EQF AtE| o] QL= A At
£ 5501 Eolal A8 T §o1] wiEel(Huckins ef al., 1990; Vrana e al., 2005), 4255 2 AT ElA 1]
sl 57150l Slo] Rt At A7E AAS 4= AT You et al., 2006; Joyce et al., 2015; Ortega-Calvo et al., 2015).

752 W71 HE o] HEE o 87t LAEE 2 FAEA LHEHo 53 A7t E Alelo] B =
 uf7iA] @] k=] olok el 453 AHH
2} FP=FAto] thEA|RE BAl= SlFollA Al A
A5t el A 538 719 A7 IRt k52 FABER Qlote] FelRt e d=40] w o] ofHrh 11 k& ATkl
w2 B EREE ZAE S5 $lote] A EAEH (performance reference compounds, PRCs)E 2-8517] Al2Fs3ith
(Huckins et al., 2002; Joyce et al., 2015; USEPA, 2017). AR G2 2= 3ol = ZA6HA] QA9 BAWAE AN &
2]2felA] Agdo] Tt sfetEo] ARGEITh A UVIEE ] Aottt AEAgE S Aesto] 15k = 453 A7
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2 delMs 459 AR T A FP1edEE Ao At AEE ERjeEdl(low density polyethylene,
LDPE) (Cornelissen et al., 2008; Sacks and Lohmann, 2012; Fernandez et al., 2014)2 25t T2 EERQI O] 1435174 4] 4=
5 W3 “FA](high speed rotation-type passive sampling device)E 7H'&ol3Ath 114381744 58 A A= 753 A
0] E-5 3140 2 3]sle] 53 A57] ] EAsk= 27875 (water boundary layer)& A4-A]A #EA] 2}
g A 4 5 AEE A E QL 2 AHollAE 254 F7] 9 Y T AR 28
ARt A4 RE WAL fRol 2ot AR o sl A cE L HE o3l TRl alaeAx (polycyclic
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2.1 D531MA 2 WY A
H Aol A ARERE =5 2R 71=25.4 1m 71| LDPE (Covalence, Minneapolis, MN, USA) A EZ 50 x 30 cm =7

HERS, 24 402 3HA 1587 22K (sonication) =51 AlZSIATHLao ef al.,
2019). AP +=-2 acenaphthene-d; (ACE-d), phenanthrene-d,o (PHE-d,o), perylene-d;» (PER-d,2)
© 2 ERE-E(80:20, v/v) Eg-8fjof] 715H F Mg LDPES H wHISPHA 1547 &A% tHBooij et al., 2002).
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Fig. 1. Sampling lines in the Yellow Sea and the South Sea of Korea. Yellow dots mean retrieval sites of the samples (LDPE,
XAD-2 resin, and GF/F). KCC: Korean coastal current; YSWC: Yellow Sea warm current; JWC: Jeju warm current.
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rpm O &2 7FESIT. A AR leE F, LDPEE 2pole] 2o ® Aol -2 Al &, 0l o4& AA s
HSH} T3 LDPE €52 114 F e 9S B
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T2 B 5|oj7 LDPEQ] FAI= Wt 2.7+ 0.49 g © 2 2 HH= BA5]t) LDPE= E 2 2|5 100 mLZ 158743
AW Z-Sn} 226190 Fernandez et al., 2012; Lao et al., 2019). XAD-2 &AL wekgy} t] 22 2wek-S 717} 300 mLA
SR F Ejtsto] Bliko = oA iquid-liquid) FE5H5 o™, frel oAl dA AE & HEzarEtos S48
(Soxhlet) FZE5I3rt. 2 FEML LFHU(1% 2By A7 FA(5% ~iel®) 2Ho= AAIRE H 2iAs i s=7]
(rotary evaporator) & ‘5= % -8 2|25t 717124 SOIT AE HE Alme T2 9 717HEA o Y- E+24(LDPE:
fluorene-d;o, fluoranthene-d;o, benzo[e]pyrene-d;»; XAD-2 #|%]: naphthalene-ds, acenaphthene-d;y, phenanthrene-d,,
chrysene-d», perylene-d»)¥} 7| A 22 0HE T2 T W EF5EH (terphenyl-d4)2 212} 300 ngX 71513t

PAHs BA4-2 7|H| 22 utE 1|u]- 2224 (gas chromatography-mass spectrometry) (Agilent7890GC/5975MS)S
ol g5lo] Ak A BA5IL) BAT ZH-2 DB-5MS (30 m x 0.25 mm i.d., 0.25 x#m thickness, J&W Scientific)©|™,
e 52 2702 60°ColA 227 HF-E T 300°C7H] 2 6°CH S7HAIR & 13427 FAISII 2AVEEE2 163
PAHs (naphthalene; NAP, acenaphthylene; ACY, acenaphthene; ACE, fluorene; FLR, phenanthrene; PHE, anthracene; ANT,
fluoranthene; FLT, pyrene; PYR, benz[aJanthracene; BaA, chrysene; CHR, benzo[b]fluoranthene; BbF, benzo[k]fluoranthene;
BKF, benzo[a]pyrene; BaP, indeno[1,2,3-cd]pyrene; IcdP, dibenz[a,h]anthracene; DahA, benzo[ghi]perylene; BghiP)©]tt.
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24 AREEY = A Y HIAHARNOIS

S Ul PAHs O] A8/ 6 5(Cree, ng/L)E Bl =2 51%2 ™ LDPECIA 9] PAH "5 =2} LDPE-water 28l Al
(Kpw, L/kg)2HE - 4= Sk T2y AR =4S o 85t 2 7%, Bl =6kA] Auizie =& Ak, day),
LDPE®A¢] PAH “&5(C'Lppe, ngkg), LDPE®] F-7(my, kg), sampling rate (R jarger, L/day)S -85 7+ = ATh(4]
(1)). & AolA 9] leE AR 15314 -5 A3 29 7FEAIRES OfR[RITh Ry ugern LDPE7 &= RE] 24T
A2 (target compound)S S50 &S S5 H|AY X AR5 (nonlinear least squares fit) @25 ek 4= Q)
ThJoyce an Burgess, 2018). T FEEL] 165 PAHS Y Ry e iZ % LDPEOA Q] APRAEH %7] 55(Cohre,
ng/kg)®} & & LDPECIA ©] “512(Chre, ngkg)E ©80t] AYRAEHS] sampling rate (Rspro)S T2 (4 (2)),
LeBas molar volumes (Vy)& ¢85t BAHEEZ?] 163 PAHs ] ReE 50 thBooij and Smedes, 2010; Apell
and Gschwend, 2014; Joyce and Burgess, 2018)(2] (3)). Zt PAHs 3fetE5°l tist A H =20 AA] 7|2 Al e A
=8 FAEC] £10% oUjof S =5 Sh3irh
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§h 13 9] 50%0] = ol=t] Ael= AXhtiy, days)> A (4)ZHE T QLo H, 1y, 8kol 45 H8H AITH95% BE =
ZAIZH(Huckins e al., 2006)2 BATEGAI7EO & 7H613ILt

Cippp Xm,
R Xt 1
Cfree RSvtarget ><t ( )
— CIE’RC 2
Rs‘target =—1In CU XKPW me/t ( )

PRC
Vm1

RS‘target = RS:PRC X (%)0-39 (3)

ln2Xt
n (CPERC /C}?RC)

ti/2 == 4)

PAHs ] LDPE-water 2l 14%(Kpw)+= Lohmann(2012) %t 018519109, 2 B A HA 2|(4 (5)~(0)=FH =
AP IZE &< 2t Aol sl KewE HASH AR5} 3IFK Table S2).

Kpy (T) = Kpyy (298) < Ql(AHN/R)x (1/298=1/T)] .

1t]
Kpw, sait = Kpw x 1R st (6)

Kpw(T) 2 Kpw(298)= 25 T(K) <2t 298(K) oA 2] KpwOlH, [salt]= BE M) E 53T AHpw+= LDPES} =71
ol m(kJ/mol) 2 H-E SIetE] tidll —25 ki/mol, R 714 A== 8.3143 J/mol/K (Lohmann, 2012), Ks= G4 A=
(salting out constant)% 0.35 M ZF& AF&51ItHLohmann, 2012; USEPA, 2017).

2.5QA/QC
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Z7] B E=4.00x10°+ 388 ng/go| o, @4 & 5 LDPEC] Holls B 557126 + 13 ng/g © & 99% oA Ak
QIth(Fig. S2A). PHE-d; (MW=188 g/mol)- =& 7 6.82x10° £ 634 ng/gollA] 501 + 225 ng/g © & Hat 93%7} 4%
th(Fig. S2B). HFH PER-d;, (MW=264 g/mol)2] 732 11.4x10°+ 924 ng/gol| A 10.6x10°+ 882 ng/g O & Bt 7%Tto] &4
= ATh(Fig. S2C). AYHZ =4 ) A& FAFO| 245 20153t o2t /82 A4S 53 Ad 710l
A EBAT L2 o] Fhto] LA A= Hl @8 Al7to] Ae]7] wfliZo|tiAdams et al., 2007; Lohmann and Muir, 2010;
Apell and Gschwend, 2014; Apell et al., 2016).

ACE-d;o7} PHE-d;o 2415F2] +10%0°]] s =l= PAHs= A4Ajo] W& 222} PAHs (NAP, ACY, ACE, FLR, PHE,
ANT, FLT, PYR; log Kow 3.4 ~ 5.2) 0=, 15334 -58 A5 AR5 SAE7FE5HS 88 222 PAHs+= 520
Hof| et A 02 of|SHKFig. 2). Allan ef al.(2011)2] A7t W2, HEEIRJuk 2] (semipermeable membrane
device)E A4 F0of F2F F2.2 ~ 2.8 km/h S =2 SAEESE A|9I5HS T, PHE-d0 2] 785 2.2] 20% 5 A A =] ATt
T3+ Gao et al.(2019)+=TECAM (triolein-embeded cellulose acetate membrane) EHO{ 2.4 L/min 52 52 24417 5
¢ A EHEWYSAS T, PYR-dip& 271 559 20 ~ 30%7F AlAE A o= F563lt). whapa] 2 AR oA ARt
V&I 25 A A= e 5@ A7l vlol B EEA RS 4] SEAIZTE

3HH PER-d;,S 7150 2 B4 7153t PAHsE A54J0] &2 1152} PAHs (BaA, CHR, BbF, BKF, BaP, IcdP, DahA,
BghiP; log Kow 5.6 ~ 6.8)=, 2] (4)& ©]-8-5°] 718 852] 1174 PAHs O] H = FAITES 2|4 2ol A 30D = Lyttt
(Fig. 2). 153144 459 A A9 7Fa Ao AR 2 R Fdtole Eotal 771 P DA to] tE o]
= T PE o5 g 9] Atolof et o] FAIZE-Sllell A 9] F e Al 6AIZONA 1TAIZFC 2 E37] o & TE
t}. 32} 8% PAHs SIeHE0] 27854 5= 7F 17PE PER-d ), 9] RsE ©]-85}9] 85 PAHs 2] Rs S 73t F(4] (3)),
A ()T ()5 o83t Folitt. 7 42] 79, LDPE] ieE H & AYHAHEZ QI PER-d), 2] ‘5= 2}o]7} 7 9] Left

7] QJo} ol o] 83t AR B sa19c
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Fig. 2. Expected equilibrium time (4t/,) (days) of HSR-PSD for log Kow.



A5 )/ AR 459 A RS o) 83 T F3tsle]

oMo -8 PAHs 7 - 43

3.2 £ HEHE PAHs 5= 21
3.2.1 ASEEA}

71 SN 0] 2684 PAHSE A4 45 A AXES ol 83te] Z4shrk Table 83). 1 A7 16%

PAHS 5312 %<]A] ACE, FLR, CHR 5 W41 112] 3 ~ 4712 710 727} sl-20] vl d] -8 v)5-8 sl on, WAl
18] 7] o9l 1A} SRS BE ol FEE|A] SISkTHFig. 3A). PAHsE QHA 0 2 Bajaro] e sE 14

o] AR B, sflpollA] ZEAF PAHs H-&0] T4 0 & o= 73kt Aol 2 Kol A= A8 &
PAHs %5+ 0.32(77F 1) ~ 1.2(77F5) ng/L o] M9 2 ZAF M 5= 97 Zo|uz] 99k U(Fig. 3A), 2020 5
St o[l A A AU Z2]o D (linear low density polyethylene). 2 2 S 9 A-7-854 PAHs & EA3} GASH|
EPHTHKim et al., 2020).

TSl sl oll A AEH A-7-853 PAHs 5= HE Table 10 FERH AT, Aol thA| Y 2 BofjA ]
AFPAHs ‘5= 21210.029 ~ 0.25 ng/L2}H0.010 ~ 0.25 ng/LE2 AZE]ATKSun ef al., 2016). TH BT Fo| = o] 2
A Sll(Irminger Sea)oll4]12] ‘EE+=0.049 ~ 0.20 ng/L, 7h=] +%(Canary Basin) 2] 73-9-0.013 ~0.29 ng/L H1$1E H3.C
™, B3] 3 1@ (Mozambique Channel) o4+ 0.00040 ~ 0.019 ng/L O 2 u¢- 2 st B = B X tiBooij ef al., 2014).
HHA SliQH(Grand Isle 3.8 ~ 170 ng/L; Gulfport 7.3 ~ 21 ng/L; Gulf shores 9.1 ~ 26 ng/L; Gulf Breeze 3.9 ~ 16 ng/L)(Allan et
al., 2012y, 43.9 ~ 170 ng/L) (Monteyne et al., 2013), F43.6 ~ 340 ng/L) (Zhao et al., 2018)0/ =225 H oS
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Fig. 3. Freely dissolved (A), dissolved (B), and particulate (C) concentrations of PAHs for 8 lines. Right y-axis means the
contribution of eight low molecular weight (LMW) PAHs to total 16 PAHs (—e—).
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Table 1. Freely dissolved PAH levels in various regions

Concentration (mean)

Regions Type Sampling year Reference
2 yp (ng/L) pling'y
Irminger Sea 0.049 ~0.20 (0.11)
Canary Basin 0.013 ~0.29 (0.078) 2003 ~ 2005 Booij et al.(2014)
Mozambique Channel Ocean 0.00040 ~ 0.019 (0.0067)
Tropical Atlantic 0.029 ~ 0.25 (0.12)
. 2012 ~2013 Sun et al.(2016)
North Atlantic 0.010 ~ 0.25 (0.080)
Grand Isle, USA 3.8~170
Gulfport, USA 7.3~21
Coastal water 2010 ~2011 Allan et al.(2012)
Gulf Shores, USA 9.1~26
Gulf Breeze, USA 39~16
Coastal harbours, Belgium Harbour 3.9~170(27) 2007 ~2010 Monteyne et al.(2013)
Narragansett Bay, USA Estuary 3.6 ~ 340 (44) 2014 Zhao et al.(2018)
Yellow Sea/South Sea, Korea Offshore water 0.32~1.2(0.64) 2019 This study

HAr. 2 }511‘?3 oM ] A8 PAHs & 52 H YoM O] Fe e vl a] E3kou, of= qictel] Hlshiie=
Emadboiss

+
T
Mo
>

322 88 E A

T sligoll A o] -8 H UAPS PAHs+= T8 allr A3 -2 o-8-51e] S7451AtTable S3). A-7-8-E 42 vzt
7R 2 GEA A WilAl 112]71 37191 #E2F PAHSs (ACY, ACE, FLR, ANT)7} 80% oA A& %l oH, 11H2} SISHE
2 = M S = Y (Fig. 3B). YAV PAHs = (R84 22 NAPO| Z14| PAHs O] ARt o[ 52 v &2 HES
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Fig. 4. Bioavailable fractions (%) of 6PAHs (left) and predicted PAH concentrations in biota (Cyiotapred, Ng/kg lipid) (right) in each
sampling line.
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