J. Korean Soc. Oceanogr. Vol.24, No.2, pp.249-265, 2019 FREE ACCESS

https://doi.org/10.7850/jks0.2019.24.2.249
Review pISSN : 1226-2978

ol{22tAo|Ae| =2l 7| (Passive Sampler)2| &HL:
2. HAH-ZA|7HCERS o5} AT

Application of Passive Sampling in Marine Environment:
2. Modified Method for Shortening of Deployment Time in a Field

YU LEE JANG', HYO JIN LEE?, HAE JIN JEONG' AND GI BEUM KIM"2*
'Department of Ocean System Engineering, Gyeongsang National University, Tongyeong 53064, Korea
’Department of Marine Environmental Engineering, Gyeongsang National University, Tongyeong 53064, Korea

*Corresponding author: kgb@gnu.ac kr
Editor Seung-Kyu Kim
Received 20 December 2018; Revised 2 May 2019; Accepted 3 May 2019

ABSTRACT

5@ 7 (passive sampler)i= Sl E] A= W F=5-0ll A 2] AH-8-F/4 5= (freely dissolved and bioavailable concentration,
Cfree) = H1 Hot Asts] A& 4= Yl FE Rt HH?J Z sholth. oy vzl A= Kot ARt flei e B7HE 9 s e
HUE P 53 W75 A=2 02 ARESh= FAO]Z[RE, @7 A8 Al leEAZto] AojRlof mpet 5 A 7] o =52
O g Qe FAIFH O & ol A o] E-8 k= mil-- Wk whebA] 2 Aol FESIA Tl L dEdSs tid e = she -’F%%XH;S
719] Y] 9 7122 EAS nfotelal, 5 J 270 @ A-8-2 9135t thekst A AHIE ZAREe 24 Z oA 9] 55
3719 8 EE =017 Hﬁ’_} et AlAsHA T

A passive sampler is one of the promising methods to easily and more accurately predict the free dissolved and bioavailable
concentration (Cpee) in seawater or pore water in sediments. In Europe and the United States, the use of passive samplers has been
highly encouraged for more accurate marine environmental risk assessment. However, long deployment time in the field causes
problems such as biofouling of the samplers, so there are few studies using passive samplers in Korea. Therefore, we review the
principle and basic characteristics of the passive sampler for persistent organic pollutants, and introduce various improvement cases for
the field applications of the passive sampler.

Keywords: Passive sampler, Water boundary layer, Freely dissolved and bioavailable concentration, Performance reference compounds,
Equilibrium

RS G712 FEZ(persistent organic pollutants, POPs)-S 91512 © 2 njl - o145t G0 k2] AE5h2] B
ol st A4S 717t T3 4424 (hydrophobic) 0.2 Qla}o] 314 Zof| Qaf| ZFolm, B = S -5
Ho A& 57 28| (biomagnification) 2 {17 HlIA7EA] G8-& 1l 2= QILUNEP, 2001; UNEP, 2004). ©]2{7 ©.
=2 U Tl UAH0.45 um oV, EZ O] =(colloid) =877 H4x(dissolved organic carbon, DOC)°] 2
ZIe]o] AAY, B4 ARG-FA 85 Fo] Q= ARG EEAN (freely dissolved phase) 2.2 FEAHIFHITRC, 2011; USEPA,
2012; Booij et al., 2016). ©] F S Zo] A= o[- 4= Q= Pl St 3= Wloll Ao AMr8E/do =, sl 2

=
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BRI &0 AESH] 9 D =S Hrt Hes] Brlshr] AshiiE AFG-8FEAT S5 (freely dissolved and bioavailable
concentration, Ce) S TH}ok= 70| ul-- Z5-Q 51K Di Toro et al., 1991; Perron et al., 2013a).

Avka o & sfol A RG] 7] L H=EE 0] F = pg/L ~ ng/L T2 & U o, o] 5 S45] fiste] A
o] A =mE ANFSF Fl(grab sampling), oJ3}, l-o == 3.2 7194} FZ(solid phase extraction, SPE)5t A
ARt 2 84 5 ST (Booij er al., 2016). 12 o2 HIH-2- 22| 7o) Exdsto] AlTto] @2
Q0] B sHete 55 A5 olsh gheg 4 EthSmedes, 1994; Bao ef al., 2012). T3t 5250l A 9] -S4
T (dissolved concentration in porewater, Cy)+= ool A9} T2 21 FEEAH o]]of| Bl EoA o] L Fa3o] 5
(concentration in sediment, C,)%} E¥= F7EAS} T2 Atolof|x|9] HPHEul(sediment-water partitioning
coefficient, Kg)ZFE 72 4= L2H(2] (1), (2))(Di Toro et al., 1991), 27 F=(black carbon)° L 4~E(soot) 1 -2

7eH Aol Ao S21E] o] AA| Aol o8& oA 4= gl Z710] ol A %(Gustafsson et al., 1996; Jonker and Koelmans,
2002; Lohmann et al., 2005) BRA3] & 4= = mdlXlo] A= o] Leh2] (3))(Accardi-Dey and Gschwend, 2002;
Martinez e al., 2013; Apell and Gschwend, 2014). SFA9F o]2{et il 2] © 2 HE] of| =9t EA] 7] oJA] AA| 2544 S
Aite} Ax|olR] = AHEIIZF S-S B 1| ItMcDonough ef al., 2010).

Mo
: 2
OPF b o T

C

S

Cd = Kd (1)
Ky =TfocKoc 2
Ky =focKoe + fpc Kpe Crree! 3)

Ca: Dissolved concentration in porewater

C,: Concentration in sediment

Kgq: Sediment-water partitioning coefficient

foc: Fraction of organic carbon in sediment (=moc/ms)

Koc: Organic carbon-water partitioning coefficient (=Coc/Cq)
fac: Fraction of black carbon in sediment (=mpc/ms)

Kgc: Black carbon-water partitioning coefficient (=Cgc/Cq)

1990 o] 78 et g2 BT AXE S0l Kk Rt =0t
7ol = e do] A7) =], o & {lol 5 F A 71 (passive sampler)”
St-fr7] 2ol FHlE e delof w7l e de sk S ol
AdEARE SrokA] §al AEo] AAl= o 8 & Q= A8 R =0
FA7| =5 E] O] A8 B S 7180 A 2 Sfoki o] golsiH, B ZE!EOWE A3H pg/L 7<=
o9 2 F 7] HE0] 7o (Mayer et al., 2000; Mills ef al., 2011; Sacks and Lohmann, 2012; Bao e al., 2012;
Perron et al., 2013b; Moschet et al., 2014). T HTHE S~E5JA -7 S o] 88] 2 A4 ses HE ZAFH (Y
ZFe-SEE) E SRt F 55 (total concentration, Coa) ETH 255 2 54 Aol tisl] Eot okt AR E Alga <ot
(van del Wal et al., 2004; You et al., 2006; Lu et al., 2011; Muijs and Jonker, 2012; Joyce et al., 2015).
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& 5

and Lee, 2014; Kim et al., 2019), S 2 SfioFebgol 4 0] 39 71 B = ZA | 12 453 HXW] o]l =HF2H biofouling)

A 53710 B 2-GA] oo 2 Qo Btk A Alefli= ui- AlRF ot An et al., 2014; Kim ef al., 2014; Kim

et al.,2015). §YH Fout vlaol| M= 4534457 o) AR @7 A-gof| et A s ast] fiet A7 Es| =

Eloj ghor, 2ofli=miad A7 A8l thet 7lo| ERiRI ke AATsHa QI USEPA, 2012; Mlege et al.,2015; USEPA, 2017)
J

o

et 12 52 T3 9 M (Lee at al., in press), 273Q1 B =FoA= —Eﬁﬁ 712"3%@ = "41”_5 Sh= —r";—sﬂiﬂx’

710 B metst, A8 Bl mRoker] A AL 10 @ AR EES 17tk At
e 4alska AE o 24 20 SlelA o] S5 A1) A 8-S BASKSIIA S

2. £53zl217|(passive sampler)

2.1 ¥e|

SERAY710] Bef Fig. 197 LERQLON, ol S5 GAV717H2o)H A6 EA0 8 ZAI5H B RS B4ote B4
Zolm, b AR u}—%#—%ﬁﬂﬂﬂ e A S e Aol S5 RAIE it RS el
T2 54 el 11 1, 27100 SHikdiffusion)ol) 1ol Bell 0] 445824 sy £7] 2. 9B Uo] S5

715 W £ & FFlthkinetic region). 01 T ARt AP 557 |9} uifd 2 ARG-8 o] ol =Eshd

A 7T A sFItHequilibrium region) (Vrana et al., 2005; USEPA, 2017). W2bA] B3P0 =262 ol Eof| A 2] HE5]]

A F71RAEAEY AFEEY T (Creoe T 53NN F5(C,))0F RN =(e] EHlApassive

sampler-water partition coefficient, Ky ) S 01801 & 4= QL.0H(4] (4)), T8 FAE 712 Kpwi= AP0l A HofA AR

= 5ol dofzl Lo = ARGRITH (A (5)). Bl Eslr| odeli=57 ARkt d ol -5 @37 1014 9] el d f712.A

B9 55(C,) et A HHE A= (performance reference compounds, PRCs)Z5E] FojX] &£ WA=k, FHo2HE Y
Ak

of| TeoltE wo] E A7 1A Q] S I(C, ) (4] (6)) 2t Bl 2] A8 E 5 (Cree) (4] (4))E ARTE 4= SlTk
C [ee)
C ree — — 4
! Ky )
- ¢ > kef
a gg Water o b C C ( )
O = |5 Equilibrium region
Passive g i
> sampler =8|\
O Z =
HY
! Cs|/& Cpre PrCX€
C,—C :Cfree V., ;. ﬁ ? ‘-.“_____p_‘ _________________

Fig. 1. Schematic processing of G Uptake by passive sampler (a) and modes of passive sampler operation (kinetic and equilibrium) (b).
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C [ee)
K, = cpm ®)
—Cox(1—e ) (6)

Chee: Freely dissolved concentration (ng/L) of target compound in water

C,": Concentration (ng/L) of target compound in passive sampler at equilibrium
Kpw: Passive sampler-water partitioning coefficient

C.””: Concentration (ng/L) of target compound in water at equilibrium

C,: Concentration (ng/L) of target compound in passive sampler at time t

ke: Exchange rate coefficient

HH A7) B A (K w2 E Faat 22 2 ajlof Rk et A EZ e o@3(low density
polyethylene, LDPE)%} ¥HEId 9} Z%](semi-permeable membrane devices, SPMDs)2] F2Hl|A|=2] ¢ 52| 2L 7}
2°CY w LDPE ] 28| A= 30°CH Tt oF 28] =] e AIRE, SPMDs O] (ZHl| A= 2 I of] Hf$h F o =] 2] i3k
th(Booij et al., 2003). silicone rubber (SR) ] A% -2 &7} ZAa-glol| whet B A7 Z7)51k= djel-e 1o, SlgtEo)
AAp/do] SR 2 of| thE ZHA HSP T B8 53151 S71ohe A 08 et BhH i Ao 57 ketel wet
HAR7 57 k= 73’5}% HERIGLO U EAA 0 & 12015 Ao |5 UEAl = ekt (Jonker ef al., 2015). whebA] A4

oA FojF HufjAle= dRfolA o] 2 U o k2 H o] H 9 5FH(Rantalainen ef al., 2000; Booij ef al., 2003; Adams
et al., 2007; Reitsma et al., 2013), ©]°]| thet HA o= 2] (7)~(9)2 08 4= 2UThLohmann, 2012; Jonker et al., 2015).

(AHpp_ /R )7* %

Kpp _ (T) = Kpp _  (298)e 298 (7

— K _[sal
cslt= 10 sl ®)

Kpg.w (T): PE-water partitioning coefficient at temperature T (K)
Kpgw (298): PE-water partitioning coefficient at temperature 298 K
/\Hpg.: Enthalpy of PE-water partitioning

R: Universal gas constant (8.3143 J/mol/K)

K: Salting out constant (M)

[salt]: Molar ionic strength (M) of the aqueous solution
logK,,_(T,S)=10ogK,,_(20,0)+ (T —20)+0.0033S )

Kq-w (T): SR-water partitioning coefficient at temperature T (‘C) and salinity S (g/L)

~: (Native) compound-specific temperature dependency factor
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RS G710 F=24S t o2 Vi 27] 57| 2E A- T -GARE ER]2d9](triolein)= LDPE ©|%9}
Atolo| 212 SPMDsO|thHuckins ef al., 1990). 5~ 5 84 771 2?‘5% 22 5.10 A 27]¢] 222 714 LDPES E1}
= Eg) 2|l S4E 1, EalLHQlel] S4-5 @ A=A o] oful 5445 (Sampling rate, Ry) 2 HE AFF-EEA 5
AlYsISAet Fig. 2= 71 AlefRt -S43 9 ol el 2184 53 278719] Sl i == Al He-E vehd
@l olct. 19951 SPMDs7} #:-0 2 843 o sfjoF €4 oﬂ #.85]9] o Lk(Fig. 3a)(Prest et al., 1995; Booij et al., 2002b),
7§ 8- A LDPE7} #lojd 73-¢- EalZ|Q1e] o)47} of il whed A2 o] LDPE7} SPMDst AR 8= 58 7Hl
S 3}eIgho 2 (Lefkovitz ef al., 1996) SPMDs®] &= A|=|HA LDPES] AR&o| 3435] Z71%7] A&t
(Muller et al., 2001; Adams et al., 2007; Bao et al., 2012; Borrelli et al., 2018). @A+=SPMDs e} -FARH = 522 7141
R FL 2] polyoxymethylene (POM) (Jonker and Koelmans, 2001; Cornelissen ef al., 2008a; Hawthorne e al.,
2011), SR (Smedes, 2007; Prokes et al., 2012; Yates et al., 2013)5-= THFRE S0 F2MA|7 @A) A-8o51a QthFig.
3b)(Gschwend et al., 2011; Liu et al., 2013; Perron et al., 2013a; Allan et al., 2013; Bao et al., 2014). 55| SRS LDPER.
THogKow/F W2 H9]0] siHE-S HEE 4= drkal B e vl Q) 9 H(Allan ef al., 2013), AHASAL QlFts, 47121
A A 5 AdE Hie At 71292 2400 A o ®ol 2850124 It (Ahrens ef al., 2015; Martin et al.,
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Fig. 3. Shapes of the passive sampler (a: SPMDs figure from NOAA, b: LDPE sheet, and c: SPME).
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2016; Pintado-Herrera et al., 2016). ¥FH solid phase microextraction (SPME) fiber+= um ©¢] 2|74 2] 23] L A=4S

5461= polydimethylsiloxane (PDMS)7} ¢/l 9 ¥ v FEZ(Fig. 3¢), &7 7R AU Foj7 Ao A& =2
5}7@ o] Att. Z12fut Aol A8 SPME+= A2 glo] 24 dH]of] 28t FQlstE=M 7|74 0] 7Fsstal A= AW
of] o]Al5te] Z1FH A0l AESH] L mpetdl 4= Qlo] =8 TR = JIItHZeng e al., 2004; Ossiander et al., 2008;
Zhang et al., 2010; Witt et al., 2013; Maruya et al., 2015).

F

T5 @719 P HES o-&olf ool A o] A8 S5 S| Ao A8 e A=l 4
SN2 vl Afolof] Hol| E wi7HA] 5@ A7 15 Aol A=Isteiof gttt Apell er al.(2016a)-> LDPEE
’ETH—/,\— 1 EJAEZofA LEolHS o ciehFEERSl=4x(polycyclic aromatic hydrocarbons, PAHs)7}95% o4 Hof &=
Gop 71| Al ARES “timescale” 7I'd o]-8-5to] ALFsEITh 1 A3 ol B B2 Eol| A o] 22 yarERil
(B-2EHE FHiAIE, logKew=3.4)2] HHEGAIRES 212 0.1 €3t 15 Yolx|gh, o] & Wil (a) T (logKw=6.3) 2]
789174 L3} 104 A2 S|t
TEIAN7 1 A GAES A O] Fel it thEy, dRbd o = A0 FAV R ASSE, SAOVE A A
o] Z E(logKow>6) D5 Q2] A=7ItKTable 1). & 5] POM(F7 55 im)ZF PDMS(F7) 28 im) 2 F & H SPMES
Siroll leE5ke W PAHs= oF §F & it ol sl o, Xt 7742 POM(F7 500 im)™ LDPE(F7 100 im)°]
A3 119¥0] AU BP0 =do}] Fo1 K Cormelissen ef al., 2008b). T3+ McDonough et al.(2018)°1] 2J5PH LDPE

olt

Table 1. Field deployment time for diverse passive sampler in marine environment

Matrix  Material [TIoeSS Analyte 102Kow Level of Equilibrium Dq(?ézys) t

(um)
25 7DD, 20PCBs’ 5.5~8.2 44 Fernandez ez al.(2014)

Reference

- For DDx, >70% equilibrium only for p,p’-DDT/DDD
- For PCBs, 90% equilibrium only for PCB28 and 52

LDPE* 254 12PBDEs® 4.3~8.4 Equilibrium for analytes (logKow<5.3) 30 Sacks and Lohmann.(2012)
50  120PEs", 12PBDEs  1.4~8.4 Equilibrium only for analytes (IogKo, 1.4 and 2.6) 20~70  McDonough et al.(2018)
100 14PAHs 3.4~6.9 No equilibrium >119  Cornelissen et al.(2008b)
17 12PAHs, 6PCBs 4.5~7.9 Equilibrium except for analytes (logKow>7.2) 60 Cornelissen et al.(2009)
Seawater 55  14PAHs 3.4~6.9 Equilibrium 23-63  Cornelissen ef al.(2008b)
POM® - For DDx, >50% equilibrium

76  7DDx, 20PCBs 5.5-82 44 Fernandez et al.(2014)

- For PCBs, >40% equilibrium

500 14PAHs 3.4~6.9 No equilibrium >119  Cornelissen et al.(2008b)
SPME¢  28.5 14PAHs 3.4~6.9 Equilibrium 23~63  Cornelissen et al.(2008b)
(PDMS) 100  7PCBs, 4DDx 5.6~6.9 Equilibrium for p,p'-DDE (the others: ND) 18~23  Zenget al.(2004)
SRY nodata 16PAHs, 14PCBs 2.8~7.6 >80% equilibrium for analytes (logKow 2.8~4.2) 60 Monteyne et al.(2013)
10  6DDx 6.1~6.9 70% equilibrium for analytes (logKo 6.9) 30 Borrelli e al (2018)
LDPE 25  6DDx 6.1~6.9 40% equilibrium for analytes (logKo 6.9) 30 Borrelli ef al.(2018)
| 25 7DDx,20PCBs 5582 EZ; PDCD];“S ffgg;}?;ﬁg?;ﬂﬁﬁfﬁrypéopr%g a?l ]3 5 44 Femandez et al.(2014)
Sediment b 76 IDDx,20PCBs  5.5-82 >50% equilibrium 44 Femandez et al.(2014)
SPME 10 11PAHs, 7PCBs 4.5~7.9 Equilibirum 70 Witt ez al.(2013)
(PDMS) 30  11PAHSs, 7PCBs 4.5~7.9 Equilibirum 70 Witt ef al.(2013)
SR nodata 30PAHs 3.4~7.6 Equilibrium 20 Yates et al.(2013)

* Low density polyethylene, ® Polyoxymethylene, © Solid phase microextraction, ¢ Silicone rubber, © DDX: Dichlorodiphenyltrichloroethane (DDT) and its
degradates (DDE and DDD), " PCBs: Polychlorinated biphenyls, ¢ PBDEs: Polybrominated diphenyl ethers, " OPEs: Organophosphate esters
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(57 50 un) S 20~70L7t HZ S50 LeZ919-2 W, 125-9] organophosphate esters %1141 logKow”t 7]— Lo r=xuto]
PEC] & H Hol| =E’t 2 0 2 oS5}, Tt thio] 5347 = oLt Bl 2ol A tief 1-
A9t SPMEE A| 218t L A] A1E52] 789 logKew7H6 ©Vd4] SFelzof| thsiil= Badoll =26kA] ¢
T Bgoll Tdohs Azl oA 5@ A7 @l A7t kE3E 73S, eI
(biofouling) © 2 {15} @ F=A O] FFEL 7t AT AU Prest et al., 1992; Richardson et al., 2002) 5~5 @A 7]12] 54
|

FL G FARRAS0] BalE 5 9l 93] Ytk Liv er al, 2014)

3. MR- SAIZHCHE S5 B

3.1 AP HE= 2 (performance reference compounds, PRCs)2| &

AP EZARS TSAIE 4= = 7P QN A IVSE 2] -5 AR oll B dHloll g shA] Qivizte A3
RHAAEZ (performance reference compounds, PRCs)=- ©]-8-5f| HEAJE} O] A8 52 BAgok= 70| E](Femandez et
al., 2012; Apell and Gschwend, 2014; Xu et al., 2018). AP F - BXAGAFEA o] Z2|olsha] AJZ(EA} Hu], Shat B
HjAl 5 -FARE SR E-& Adisof stE 2 2 A= o) P4 E—‘H%i\(”C H5)E 22 sRteS 4*‘10}
o}, T AR A E flol ARSSHE Ut EeEEdi e HIEA HE
AR A= 7WE-2 Huckins er al.(2002)°] A3 =510, B2 E’r—%ﬂ At ”*?q —;idlﬂ;“ﬂ S
HAEZ gofjof Tl & WHEA|A FE55H oFo] A H AE4-2 g4A]7Itt. o] W methanol:water (80:20, v/v) &3-81f
ARESHA =9, HlgkEo] 53719 AP WH-E BHAIA dAEAZEE 558 SN ER SRS BSA1E
At SRl SME AAEAEES LDPEC] 54412 ¢ PAHs®F PCBsE WVJ o2 X4 300] 2= AT,
methanol:water (80:20, v/v) Z+&Hlol| A= F 74 Thof] ool dsh= S FRISHIT(Booij ef al., 2002a). |27t -8
£ o 83 A R A=A SHE-2 LDPE, POM, SR thall A &= 2-87 55K Perron ef al., 2013a; Monteyne et al., 2013).

FwRt ol AR E o] F4H 5@ ARTIE el &SI W, 5 F A7 o] AE =2 2wl
A= i Uz oo} S AR &L 7 BAgUFEZo 1 S5 EthRusina et al., 2010; Yates et al., 2013). WA EAHAE:
9] &5 WRkA|9(exchange rate coefficient, ko)= ABHZEH ] kA1t 5 Lotttal 7Hg6HkE o, 4~ 7 ollA]
o] APHAEH] 27| FE(Chpre)2t ARE O]l 1 O] FE(Clpre)® IAFACEZHY kB T = oH(A
(10))(Adams et al., 2007), 2] (6)} (4) 2] HF e 2] A7-824 F=E 5T 4= Ak

<

e Va1

xt! (10)

C°, prc: Concentration (ng/L) of PRC in passive sampler at time 0

C',pre: Concentration (ng/L) of PRC in passive sampler at time t

Aol FHAR AR 1= 5 FAR7 ] W A3EAEE0] 24 10% oV w7 = || 2=
© AR ol kgl e A8/ SIS ARTE & itk J1U 71710218 5% 7P e o, #4 17% 2] A
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4ol AR oo A E AR 2 BAE Fho] ASght 28] Yel 25t 2fo L, 12% olstz 44 739 AS54kr oF 4
7}77}01 Ztoittl(Apell and Gschwend, 2014). Wb 5@ 4H7] U ABHAEZ o] 2|4 20% o4t AAashs=d Dagt

ARHEE @7l leEstoloF Al A= 25 E HAE %’_J—‘itﬂ F=d o] gha A= 4= Altk(Apell and Gschwend, 2014;
Joyce et al., 2015; Apell et al., 2016b).

3.2 2727|&(water boundary layer)2| Zt

3.2.1 35
SERA7IE Aol LB A9, SN 0] S HBAE S5 A7) A E oﬂ | AR b 52154
5.2 Shabich, webs] 29AL dhet 1A 281, biofoulinge] EABHA 95 A9 FERA1] A oA

A1 KK i) L2 A TR EAS k= E73 A1 S (water boundary layer, WBL)Oﬂ/Hi’J A (1/ky)oll ST Ao T2
(11))(Booij et al., 2003; Huckins et al., 20006).

Iy= o= 7+ —— (11)

I,: Resistance to overall mass transfer
ko: Overall mass transfer
kw: Mass transfer coefficients for the water boundary layer

Kaw: Mass transfer coefficients for the membrane

AT © = JogKew/ R 2FFE0] 739 278 A1) AT A U] Zke] ofall 57t Aot 12t o]
22t SfehE-2 TR Aol B2 & 71X lof) Hadofl mEetE &2 Al Uii-o] Aok S-Eteoll 2A] FakS RIA|A]
F=TtH Anderson et al., 2008; Lohmann ef al., 2012a). §1'H logK,, /| =2 3RME2 244, & 5550 94 F+=
T8 aRlo] A1d YR 24 A0 = Aekerh. 11 72 =S5 = e o fAloet 24, —/l\£°§ 71 A ol A
a9 S=7of| 2} th2 0 SPMD, LDPE 2] 78 logK,, & 7152 2 4.5~50|H, SR+= 30|t Huckins ef al., 1999; Anderson
et al., 2008; Rusina et al., 2010; Booij et al., 2016).
logKew”} =& 274 SRMES V& §555EE Eol7] floiile 5347 89 ol dRE F4A71AY

IN
|

949 %01_§%ﬁ =73A1l elgh A2 A1 4= THBooij er al., 2003; Huckins et al., 2006). & A3 7] FH
of Q1913 0 = FF-E oM HH EEAITOl AT o mA AT B2 0] e AEES ST 4 qlom, AdEA
=45 o] 83 A Bt 45t HAo] 7155 Vrana and Schiiiirmann, 2002; Booij et al., 2003) (Fig. 4). W7 345 &
83 AR A7 |EHo|U AEREE S5 3 A7 ol B2 5 A A A ol leESEAWNQIn er al., 2009; Jalalizadeh

and Ghosh, 2016), A8} Fof £=5F2H 7S At & w2 S5 2 o1t A7t Atk Booij ef al., 2007; Allan ef al.,
2011; Lohmann et al., 2012b; Vrana ef al., 2015). Lohmann(2012)+= 5747} 51 imQ] LDPES- -9 W2 50| L-2A|A
277150l olgh A gdo] FAE 4= Q= ZUY 7, thi=2] daEoid 771 29=4d0] 24 A7t gtef] o kg Ao

= ozt
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Fig. 4. Release of [’Hjslanthracene from SPMDs exposed at different linear flow velocities: 0.06 cm/s (@, dotted lines), 0.28 cm/s
(A, dashed lines), and 1.14 cm/s (O, solid lines) (Adapted from Vrana and Schiilirmann, 2002, Environ. Sci. Technol., 36:
290-296, with permission of American Chemical Society).

322 848F

st 2] EHE-2 saete] ghito] o] AR HAEES -85 ete AR B2 kS A4S | floiMe o
LeZAIo] QT A B3 E 0] A Ed AR 71E @l AR eE(in situ)oHA] 201, FEA =S 5o AAA
oA Al=E Sl (slurry) H= TS0l 52171t 2ot 3 wHlslo] B EGAITES BEA7 = A (ex situ)y& 7N
ISt Allan ef al., 2012; Witt el al., 2013; Mayer et al., 2014; Endo et al., 2017). 571 75 imQ] POM< ex situ A1 02
EAE Sejglo)] Y1l wHtelslS w E|AE U PAHs7}28< ol POM Y} B o] =269 © H(Hawthorne ef al., 2011),
A1 7 2~8 imQ1 PDMS 7} R f2]-8-7] o]l leE 5l 3h& ™ logKow 7T 5~84101Q1 PCBs 7} oF 25 W]l 3]l Ieea}
tH(Jahnke et al., 2012).

Jonker et al.(2018)+= 117112] AR AofX] 147]9] -5 FAHNH7NE ex situ HH 0 & FARN B A= F=rollX o A8
Y555 Soto] Hlawstiet. 11 At 7 A A oA AFER A8 F I a2 oF 108 A 2ol 5 UERRA|EE AlE
&|o) 7l Z=2lE] o] 7’ (standardized operational procedure, SOP).2 2 24151313 W= g1e] 2fo]7} ARho = 7446}y
o} L2 HAjof] tigh =8 a9l @A) AA|9] AL ofd EXE wEe 9
Borrelli et al.(2018)°]] 2JoPH PEE ©]-8-5]] ex situ A O 2 HE S ALF-8EA 5= EH 50 f7[etaL &
o= BAE Fafgrd Ao 25 e dojzl F ot A7) A &3t PERFE At o)Xl ghat -fAFsHA et
(Fig. 5).

Ex situ "A0A] Folsflop e A2 Al U R @Edo| - Af7 ol S e ek, A Al&ollA o] e AEE o] ol

olr

= G n]A]A] gotof gtthnon-depletion). THF o]215H A4 (depletion)©| FHAYSHH AXTE| o] 7 ARf-85A4 5= A4
2P0l A o] grE ot WolR] 7| Etk(underestimated). TP 45325 719] e & A 50|  HEH O] w4 618 H 9
= 2| 5% olstz FA]=|ofof o, o]=igt XA Ao | st 5 3ANH7Ie EIHE W A7 e4e] 7 v|7t
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Fig. 5. Comparisons of DDx porewater concentrations found using EqP (OC) (=Cy/focKo), EqP (OC+BC) (=Cy/(focKoctHfocKncCu)),
in situ, and Tumbling (ex situ) (Adapted from Borrelli et al., 2018, Chemosphere, 200: 227-236, with permission of Elsevier).

5:100 oJsl7} == A stooF StthMayer e al., 2014; Ghosh et al., 2014; Jonker et al., 2018). T3F L EA|7FEOH A=
U] e JEA0] nAE RS HHx]517] 218 NaNsLF HgClLS 25~200 mg/L 7 Fsfiok @k Ghosh er al., 2014). 2L}
ex situ YA S, Aok G, Aensh 28 5 22 RS RS 4 gl ol e B E, B ETE Alo] 9]
EYa AE0H Joks Ags] melelr] flaiMe a3 A7 1E @8l A E(in situ)shk= Zlo] H vig2]sith
(Ghosh et al., 2014; Apell and Gschwend, 2016b).

3.3 7|E}
o] ejol& P FFA 719 S—’F;%%—}—%O]ﬂ folrt= ad A7 FEE FE @ B i E=HE Joz A
21gko 24 st HHAS Wol AL, A 752 S5t sk Aok As
al., 2019). = %4101] PMMA (poly (methyl methacrylate))2hF= AA1E E4 G780 r&9to 2 & gg_ Hﬂgwﬁ
(swelling) T 8-&2 =Oo]|HH(Lao et al., 2016), 2B LFT(bovine serum albumin, BSA)< o]-&al| 274 A50lA42]
=4 AGE SXANA HPEGA RS T3 AAR]] 5] ITHEndo ef al., 2017).
T 5 FANY7 1= 5] sl A ﬂWJ Y 5 7 A 3o Fate s & AAsk = uile- HAFT Fig. 6
H o ] of Fof whe} sfiof| 471187t e 53t -5 @A 71 0] A 5-0] Bgoltt. a®t b= LDPEE H 2 3] glo] sfle] e

F

>
o

r&"

S Fo ARl 0 & 47]Yo] 2]t LDPE°1W RS 22402 A7 sh= ol §A7E S ‘zit}. HHA oot de= 2|
A Aol BE-E A PMMA L] leE AT AR, =Z § PMMAS] H S+ o= RagEo] £t ot
A FHoll M= TEER] gholom 2ol ol A A AAZL 4 ASITE whebA A gt OW ol 283
78, Teu 2EIRIE A A 0] Alo]AF Bgoh= Ze ST Witt ef al., 2013; Ghosh et al., 2014).



S

s st HldlE Ul S5l A 828 s =S
_"
S

Tk Asls ol EE 4 e U

10] 347} Aslehe @A o] 9L

ool A1) 2684 5 S ofEate

A} sl s B4l AHgoRA 2
Al

Igde A S2E® v A A dellA

o
i
[
o
i
O
i
>,
™
o,
T%‘
gt
S
i
i
ﬁﬂé
o
z
Ry
1o
0%
or
e
=
0.
uf
i
1o

ol
o

719 AR BESP] A o APRAEES ©]
1

o] 7P Hwsls o] 9lom, si2] ¢ s A7 BHo HRE %

T
ol
o,

ofll
oX,
>,
N

2
i
1o
?fl
).
Jpr
i
I
o|N
N
>,
Y
4
%0,
i)
t,
2
i3
o, L
o
ol
ﬁ
>,
1o
>,
K
ﬂl{ﬂ]
0
oot

2t .25 (References)

Accardi-Dey, A.M. and P.M. Gschwend, 2002. Assessing the combined roles of natural organic matter and black carbon as
sorbents in sediments. Environ. Sci. Technol., 36: 21-29.

Adams, R.G., R. Lohmann, L.A. Fernandez, J. K. MacFarlane and P.M. Gschwend, 2007. Polyethylene Devices: Passive
samplers for measuring dissolved hydrophobic organic compounds in aquatic environments. Environ. Sci. Technol., 41:
1317-1323.

Ahrens, L., A. Daneshvar, A.E. Lau and J. Kreuger, 2015. Characterization of five passive sampling devices for monitoring
of pesticides in water. J. Chromatogr. A., 1405: 1-11.



260 * "The Seas Journal of the Korean Society of Oceanography Vol. 24, No. 2, 2019

Allan, I.J., H.C. Nilsson, I. Tjensvoll, C. Bradshaw and K. Nzaes, 201 1. Mobile passive samplers: Concept for a novel mode of
exposure. Environ. Pollut., 159: 2393-2397.

Allan, LJ., A. Ruus, M.T. Schaanning, K.J. Macrae and K. Naes, 2012. Measuring nonpolar organic contaminant
partitioning in three Norwegian sediments using polyethylene passive samplers. Sci. Total Environ., 423: 125-131.

Allan, 1.J., C. Harman, S.B. Ranneklev, K.V. Thomas and M. Grung, 2013. Passive sampling for target and nontarget
analyses of moderately polar and nonpolar substances in water. Environ. Toxicol. Chem., 32: 1718-1726.

An, J.G., W.J. Shim, S.Y. Ha and U.H. Kim, 2014. Determination of petroleum aromatic hydrocarbons in seawater using
headspace solid-phase microextraction coupled to gas chromatography/mass spectrometry. J. Korean Soc. Mar. Environ.
Energy, 17: 27-35.

Anderson, K.A., D. Sethajintanin, G. Sower and L. Quarles, 2008. Field trial and modeling of uptake rates of in situ
lipid-free polyethylene membrane passive sampler. Environ. Sci. Technol., 42: 4486-4493.

Apell, JN. and P.M. Gschwend, 2014. Validating the Use of Performance Reference Compounds in Passive Samplers to
Assess Porewater Concentrations in Sediment Beds. Environ. Sci. Technol., 48: 10301-10307.

Apell, J.N., A.P. Tcaciuc and P.M. Gschwend, 2016a. Understanding the rates of nonpolar organic chemical accumulation
into passive samplers deployed in the environment: Guidance for passive sampler deployments. Integr. Environ. Assess.
Manag., 12: 486-492.

Apell, J.N. and P.M. Gschwend, 2016b. In situ passive sampling of sediments in the Lower Duwamish Waterway Superfund
site: Replicability, comparison with ex situ measurements, and use of data. Environ. Pollut., 218: 95-101.

Bao, L.J., S.P. Xu, Y. Liang and E.Y. Zeng, 2012. Development of a low-density polyethylene-containing passive sampler
for measuring dissolved hydrophobic organic compounds in open waters. Environ. Toxicol. Chem., 31: 1012-1018.
Bao, L.J. and E.Y. Zeng, 2014. Field application of passive sampling techniques for sensing hydrophobic organic

contaminants. Trends Environ. Anal. Chem., 1: 19-24.

Booij, K., F. Smedes and E.M. Van Weerle, 2002a. Spiking of performance reference compounds in low density
polyethylene and silicone passive water samplers. Chemosphere, 46: 1157-1161.

Booij, K., B.N. Zegers and J.P. Boon, 2002b. Levels of some polybrominated diphenyl ether (PBDE) flame retardants along
the Dutch coast as derived from their accmulation in SPMDs and blue mussels. Chemosphere, 46: 683-688.

Booij, K., H.E. Hofmans, C.V. Fischer and E.M. Van Weerlee, 2003. Temperature-dependent uptake rate of nonpolar
organic compounds by semipermeable membrane devices and low-density polyethylene membranes. Environ. Sci.
Technol., 37: 361-366.

Booij, K., R. van Bommel, K.C. Jones and J.L. Barber, 2007. Air-water distribution of hexachlorobenzene and 4,4 -DDE
along a North-South Atlantic transect. Mar. Pollut. Bull., 54: 814-819.

Booij, K., C.D. Robinson, R.M. Burgess, P. Mayer, C.A. Roberts, L. Ahrens, I.J. Allan, J. Brant, L. Jones, U.R. Kraus, M.M.
Larsen, P. Lepom, J. Petersen, D. Profrock, P. Roose, S. Schifer, F. Smedes, C. Tixier, K. Vorkamp and P. Whitehouse,
2016. Passive sampling in regulatory chemical monitoring of nonpolar organic compounds in the aquatic environment.
Environ. Sci. Technol., 50: 3-17.

Borrelli, R., A.P. Tcaciuc, I. Verginelli, R. Baciocchi, L. Guzzella, P. Cesti, L. Zaninetta and P.M. Gschwend, 2018.
Performance of passive sampling with low-density polyethylene membranes for the estimation of freely dissolved DDx
concentrations in lake environments. Chemosphere, 200: 227-236.

Choi S.D, S.Y. Beak and Y.S. Chang, 2009. Passive air sampling of persistent organic pollutants in Korea. Toxicol. Environ.
Health. Sci. 1: 75-82.

Cornelissen, G., K. Wiberg, D. Broman, H.P.H. Arp, Y. Persson, K. Sundqvist and P. Jonsson, 2008a. Freely dissolved
concentrations and sediment-water activity ratios of PCDD/Fs and PCBs in the open Baltic Sea. Environ. Sci. Technol.,
42: 8733-8739.

Cornelissen, G., A. Pettersen, D. Broman, P. Mayer and G.D. Breedveld, 2008b. Field testing of equilibrium passive



el 9]/ sferebgollM 2] -5 @571 (Passive Sampler)©] 28 2. @HLEAIT TS 9 MTY - 261

samplers to determine freely dissolved native polycyclic aromatic hydrocarbon concentrations. Environ. Toxicol. Chem.,
27:499-508.

Cornelissen, G., G. Okkenhaug, G.D. Breedveld and J.E. Serlie, 2009. Transport of polycyclic aromatic hydrocarbons and
polychlorinated biphenyls in a landfill: A novel equilibrium passive sampler to determine free and total dissolved
concentrations in leachate water. J. Hydrol., 369: 253-259.

Di Toro, D.M., C.S. Zarba, D.J. Hansen, W.J. Berry, R.C. Swartz, C.E. Cowan, S.P. Pavlou, H.E. Allen, N.A. Thomas and
P.R. Paquin, 1991. Technical basis for establishing sediment quality criteria for nonionic organic chemicals using
equilibrium partitioning. Environ. Toxicol. Chem., 10: 1541-1583.

Endo, S., Y. Yabuki and S. Tanaka, 2017. Comparing polyethylene and polyoxymethylene passive samplers for measuring
sediment porewater concentrations of polychlorinated biphenyls: Mutual validation and possible correction by
polymer-polymer partition experiment. Chemosphere, 184: 358-365.

Fernandez, L.A., W. Lao, K.A. Maruya, C. White and R.M. Burgess, 2012. Passive sampling to measure baseline dissolved
persistent organic pollutant concentrations in the water column of the Palos Verdes Shelf Superfund site. Environ. Sci.
Technol., 46: 11937-11947.

Fernandez, L.A., W. Lao, K.A. Maruya and R.M. Burgess, 2014. Calculating the diffusive flux of persistent organic
pollutants between sediments and the water column on the Palos Verdes Shelf Superfund Site using polymeric passive
samplers. Environ. Sci. Technol., 48: 3925-3934

Ghosh, U., S.K. Driscoll, R.M. Burgess, M.T.O. Jonker, D. Reible, F. Gobas, Y. Choi, S.E. Apitz, K.A. Maruya, W.R. Gala,
M. Mortimer and C. Beegan, 2014. Passive sampling methods for contaminated sediments: practical guidance for
selection, calibration, and implementation. Integr. Environ. Assess. Manag., 10: 210-223.

Gschwend, P.M., J.K. MacFarlane, D.D. Relble, X. Lu, S.B. Hawthorne, D.V. Nakles and T. Thompson, 2011. Comparison
of polymeric samplers for accurately assessing PCBs in pore waters. Environ. Toxicol. Chem., 30: 1288-1296.

Gustafsson, O., F. Haghseta, C. Chan, J. MacFarlane and P.M. Gschwend, 1996. Quantification of the dilute sedimentary
soot phase: implications for PAH speciation and bioavailability. Environ. Sci. Technol., 31: 203-209.

Hawthorne, S.B., M.T.O. Jonker, S.A. van der Heijden, C.B. Grabanski, N.A. Azzolina and D.J. Miller, 2011. Measuring
picogram per liter concentrations of freely dissolved parent and alkyl PAHs (PAH-34), using passive sampling with
polyoxymethylene. Anal. Chem., 83: 6754-6761.

Heo, J. and G. Lee, 2014. Field-measured uptake rates of PCDDs/Fs and dl-PCBs using PUF-disk passive air samplers in
Gyeonggi-do, South Korea. Sci. Total Environ., 491-492: 42-50.

Huckins, J.N., M.W. Tubergen and G.K. Manuweera, 1990. Semipermeable membrane devices containing model lipid: A
new approach to monitoring the bioavailability of lipophilic contaminants and estimating their bioconcentration
potential. Chemosphere, 20: 533-552.

Huckins, J.N., J.D. Petty, C.E. Orazio, J.A. Lebo, R.C. Clark, V.L. Gibson, W.R. Gala and K.R. Echols, 1999. Determination
of uptake kinetics (sampling rates) by lipid-containing semipermeable membrane devices (SPMDs) for polycyclic
aromatic hydrocarbons (PAHs) in water. Environ. Sci. Technol., 33: 3918-3923.

Huckins, J.N., J.D. Petty, J.A. Lebo, F.V. Almeida, K. Booij, D.A. Alvarez, W.L. Cranor, R.C. Clark and B.B. Mogensen,
2002. Development of the permeability/performance reference compound approach for in situ calibration of
semipermeable membreane devices. Environ. Sci. Technol., 36: 85-91.

Huckins, J.N., J.D. Petty and K. Booij, 2006. Monitors of organic chemicals in the environment. In: Semipermeable
membrane devices. Springer, New York.

ITRC (Interstate Technology & Regulatory Council), 2011. Incorporating bioavailability considerations into the evaluation
of contaminated sediment sites, 162 pp.

Jahnke, A., P. Mayer and M.S. McLachlan, 2012. Sensitive equilibrium sampling to study polychlorinated biphenyl
disposition in Baltic Sea sediment. Environ. Sci. Technol., 46: 10114-10122.



262 * "The Seas Journal of the Korean Society of Oceanography Vol. 24, No. 2, 2019

Jalalizadeh, M. and U. Ghosh, 2016. In situ passive sampling of sediment porewater enhanced by periodic vibration.
Environ. Sci. Technol., 50: 8741-8749.

Jonker, M.T.O. and A.A. Koelmans, 2001. Polyoxymethylene solid phase extraction as a partitioning method for
hydrophobic organic chemicals in sediment and soot. Environ. Sci. Technol., 35: 3742-3748.

Jonker, M.T.O. and A.A. Koelmans, 2002. Extraction of polycyclic aromatic hydrocarbons from soot and sediment: Solvent
evaluation and implications for sorption mechanism. Environ. Sci. Technol., 36: 4107-4113.

Jonker, M.T.O., S.A. van der Heijden, M. Kotte and F. Smedes, 2015. Quantifying the effects of temperature and salinity on
partitioning of hydrophobic organic chemicals to silicone rubber passive samplers. Environ. Sci. Technol., 49:
6791-6799.

Jonker, M.T.O., S.A. van der Heijden, D. Adelman, J.N. Apell, R.M. Burgess, Y. Choi, L.A. Fernandez, G.M. Flavetta, U.
Ghosh, P.M. Gschwend, S.E. Hale, M. Jalalizadeh, M. Khairy, M.A. Lampi, W. Lao, R. Lohmann, M.J. Lydy, K.A.
Maruya, S.A. Nutile, A.M.P. Oen, M.I. Rakowska, D. Reible, T.P. Rusina, F. Smedes and Y. Wu, 2018. Advancing the
use of passive sampling in risk assessment and management of sediments contaminated with hydrophobic organic

chemicals: Results of an international ex situ passive sampling interlaboratory comparison. Environ. Sci. Technol., 52:
3574-3582.

Joyce, A.S., M.S. Pirogovsky, R.G. Adams, W. Lao, D. Tsukada, C.L. Cash, J.F. Haw and K.A. Maruya, 2015. Using
performance reference compound-corrected polyethylene passive samplers and caged bivalves to measure hydrophobic
contaminants of concern in urban coastal seawaters. Chemosphere, 127: 10-17.

Kim, U.J., H.Y. Kim, D. Alvarez, I.S. Lee and J.E. Oh, 2014. Using SPMDs for monitoring hydrophobic organic compounds
in urban river water in Korea compared with using conventional water grab samples. Sci. Total Environ., 470-471:
1537-1544.

Kim, U.J., C.D. Seo, T.H. Im and J.E. Oh, 2015. Application assessment of passive sampling to monitor polybrominated
diphenyl ethers in water environment as alternative sampling method for grab sampling. J. Korean Soc. Environ. Eng.,
37:45-51.

Kim, S.J., H.O. Kwon, M.I. Lee, Y. Seo and S.D. Choi, 2019. Spatial and temporal variations of volatile organic compounds
using passive air samplers in the multi-industrial city of Ulsan, Korea. Environ. Sci. Pollut. Res., 26: 5831-5841.

Lao, W., Y. Hong, D. Tsukada, K.A. Maruya and J. Gan, 2016. A new film-based passive sampler for moderately
hydrophobic organic compounds. Environ. Sci. Technol., 50: 13470-13476.

Lao, W., K.A. Maruya and D. Tsukada, 2019. An exponential model based new approach for correcting aqueous
concentrations of hydrophobic organic chemicals measured by polyethylene passive samplers. Sci. Total Environ., 646:
11-18.

Letkovitz, L., E. Crecelius and N. McElroy, 1996. Poster presented at the 17th Annual Meeting of the Society of
Environmental Toxicology and Chemistry, 17-21 November, Washington. DC, USA.

Liu, HH., L.J. Bao, K. Zhang, S.P. Xu, F.C. Wu and E.Y. Zeng, 2013. Novel passive sampling device for measuring
sediment-water diffusion fluxes of hydrophobic organic chemicals. Environ. Sci. Technol., 47: 9866-9873.

Liu, H.H., L.J. Bao and E.Y. Zeng, 2014. Recent advances in the field measurement of the diffusion flux of hydrophobic
organic chemicals at the sediment-water interface. Trends Anal. Chem., 54: 56-64.

Lohmann, R., J.K. Macfarlane and P.M. Gschwend, 2005. Importance of black carbon to sorption of native PAHs, PCBs,
and PCDDs in Boston and New York harbor sediments. Environ. Sci. Technol., 39: 141-148.

Lohmann, R., 2012. Critical review of low-density polyethylene’s partitioning and diffusion coefficients for trace organic
contaminants and implications for its use as a passive sampler. Environ. Sci. Technol., 46: 606-618.

Lohmann, R., K. Booij, F. Smedes and B. Vrana, 2012a. Use of passive sampling devices for monitoring and compliance

checking of POP concentrations in water. Environ. Sci. Pollut. Res., 19: 1885-1895.
Lohmann, R., J. Klanova, P. Kukucka, S. Yonis and K. Bollinger, 2012b. PCBs and OCPs on a West-to-East transect: The



el 9]/ sferebgollMe] 45330571 (Passive Sampler) 9] -8 2. @HLEAI FES - WIY « 263

importance of major current and net volatilization for PCBs in the Atlantic Ocean. Environ. Sci. Technol., 46:
10471-10479.

Lu, X., A. Skwarski, B. Drake and D.D. Reible, 2011. Predicting bioavailability of PAHs and PCBs with porewater
concentrations measured by solid-phase microextraction fibers. Environ. Toxicol. Chem., 30: 1109-1116.

Martin, A., C. Margoum, J. Randon and M. Coquery, 2016. Silicone rubber selection for passive sampling of pesticides in
water. Talanta, 160: 306-313.

Martinez, A., C. O’Sullivan, D. Reible and K.C. Hornbuckle, 2013. Sediment pore water distribution coefficients of PCB
congeners in enriched black carbon sediment. Environ. Pollut., 182: 357-363.

Maruya, K.A., W. Lao, D. Tsukada and D.W. Diehl, 2015. A passive sampler based on solid phase microextraction (SPME)
for sediment-associated organic pollutants: Comparing freely-dissolved concentration with bioaccumulation.
Chemosphere, 137: 192-197.

Mayer, P., W.H.J. Vaes, F. Wijnker, K.C.H.M. Legierse, R.H. Kraaij, J. Tolls and J.L.M. Hermens, 2000. Sensing dissolved
sediment porewater concentrations of persistent and bioaccumulative pollutants using disposable solid-phase
microextraction fibers. Environ. Sci. Technol., 34: 5177-5183.

Mayer, P., T.F. Parkerton, R.G. Adams, J.G. Cargill, J. Gan, T. Gouin, P.M. Gschwend, S.B. Hawthorne, P. Helm, G. Witt,
J. You and B.I. Escher, 2014. Passive sampling in contaminated sediment assessment: Scientific rationale supporting use
of freely dissolved concentrations. Integr. Environ. Assess. Manag., 10: 197-209.

McDonough, K.M., N.A. Azzolina, S.B. Hawthorne, D.V. Nakles and E.F. Neuhauser, 2010. An evaluation of the ability of
chemical measurements to predict polycyclic aromatic hydrocarbon-contaminated sediment toxicity to Hyalella zateca.
Environ. Toxicol. Chem., 29: 1545-1550.

McDonough, C.A., A.O. De Silva, C. Sun, A. Cabrerizo, D. Adelman, T. Soltwedel, E. Bauerfeind, D.C.G. Muir and R.
Lohmann, 2018. Dissolved organophosphate esters and polybrominated diphenyl ethers in remote marine environments:
arctic surface water distributions and net transport through fram strait. Environ. Sci. Technol., 52: 6208-6216.

Migge, C., N. Mazzella, 1. Allan, V. Dulio, F. Smedes, C. Tixier, E. Vermeirssen, J. Brant, S. O’Toole, H. Budzinski, J.P.
Ghestem, P.F. Staub, S. Lardy-Fontan, J.L. Gonzalez, M. Coquery and B. Vrana. 2015. Position paper on passive
sampling techniques for the monitoring of contaminants in the aquatic environment-Achievements to date and
perspectives. Trends Environ. Anal. Chem., 8: 20-26.

Mills, G.A., G.R. Fones, K. Booij and R. Greenwood, 2011. Passive sampling technologies. In Chemical Marine
Monitoring: Policy Framework and Analytical Trends; Quevauviller, P., Roose, P., Verreet, G., Eds.; John Wiley and
Sons: Chichester. 397-432 pp.

Monteyne, E., P. Roose and C.R. Janssen, 2013. Application of a silicone rubber passive sampling technique for monitoring
PAHs and PCBs at three Belgian coastal harbours. Chemosphere, 91: 390-398.

Moschet, C., E.L.M. Vermeirssen, R. Seiz, H. Pfefferli and J. Hollender, 2014. Picogram per liter detections of pyrethroids
and organophosphates in surface waters using passive sampling. Water Res., 66: 411-422.

Muijs, B. and M.T.O. Jonker, 2012. Does equilibrium passive sampling reflect actual in situ bioaccumulation of PAHs and
petroleum hydrocarbon mixtures in aquatic worms? Environ. Sci. Technol., 46: 937-944.

Muller, J.F., K. Manomanii, M.R. Mortimer and M.S. McLachlan, 2001. Partitioning of polycyclic aromatic hydrocarbons in
the polyethylene/water system. Fresenius J. Anal. Chem., 371: 816-822.

NOAA (National Oceanic and Atmospheric Administration), https://oceanexplorer.noaa.gov/technology/tools/spmds/spmds.html,
Semipermeable Membrane Devices.

Ossiander, L., F. Reichenberg, M.S. McLachlan and P. Mayer, 2008. Immersed solid phase microextraction to measure
chemical activity of lipophilic organic contaminants in fatty tissue samples. Chemosphere, 71: 1502-1510.

Perron, M.M., R.M. Burgess, E.M. Suuberg, M.G. Cantwell and K.G. Pennell, 2013a. Performance of passive samplers for
monitoring estuarine water column concentrations: 1. Contaminants of concern. Environ. Toxicol. Chem., 32: 2182-2189.



264 - "The Seas Journal of the Korean Society of Oceanography Vol. 24, No. 2, 2019

Perron, M.M., R.M. Burgess, E.M. Suuberg, M.G. Cantwell and K.G. Pennell, 2013b. Performance of passive samplers for
monitoring estuarine water column concentrations: 2. Emerging contaminants. Environ. Toxicol. Chem., 32: 2190-2196.

Pintado-Herrera, M.G., P.A. Lara-Martin, E. Gonzalez-Mazo and 1.J. Allan, 2016. Determination of silicone rubber and
low-density polyethylene diffusion and polymer/water partition coefficients for emerging contaminants. Environ.
Toxicol. Chem., 35: 2162-2172.

Prest, H.F., L.A. Jacobson, J.N. Huckins, 1995. Passive sampling of water and coastal air via semipermeable membrane
devices. Chemosphere, 30: 1351-1361.

Prest, H.F., W.M. Jarman, S.A. Burns, T. Weismuller, M. Martin and J.N. Huckins, 1992. Passive water sampling via
semipermeable membrane devices (SPMDs) in concert with bivalves in the Sacramento/San Joaquin river delta.
Chemosphere, 25: 1811-1823.

Prokes, R., B. Vrana and J. Klanova, 2012. Levels and distribution of dissolved hydrophobic organic contaminants in the
Morava river in Zlin district, Czech Republic as derived from their accumulation in silicone rubber passive samplers.
Environ. Pollut., 166: 157-166.

Qin, Z., L. Bragg, G. Ouyang, V.H. Niri and J. Pawliszyn, 2009. Solid-phase microextraction under controlled agitation
conditions for rapid on-site sampling of organic pollutants in water, J. Chromatogr. A., 1216: 6979-6985.

Rantalainen, A.L., W.J. Cretney and M.G. Ikonomou, 2000. Uptake rates of semipermeable membrane devices (SPMDs) for
PCDDs, PCDFs and PCBs in water and sediment. Chemosphere, 40: 147-158.

Reitsma, P.J., D. Adelman and R. Lohmann, 2013. Challenges of using polyethylene passive samplers to determine
dissolved concentrations of parent and alkylated PAHs under cold and saline conditions. Environ. Sci. Technol., 47:
10429-10437.

Richardson, B.J., P.K.S. Lam, G.J. Zheng, K.E. McClellan and S.B. De Luca-Abbott, 2002. Biofouling confounds the uptake
of trace organic contaminants by semi-permeable membrane devices (SPMDs). Mar. Pollut. Bull., 44: 1372-1379.

Rusina, T.P., F. Smedes, M. Koblizkova and J. Klanova, 2010. Calibration of silicone rubber passive samplers: experimental
and modeled relations between sampling rate and compound properties. Environ. Sci. Technol., 44: 362-367.

Sacks, V.P. and R. Lohmann, 2012. Freely dissolved PBDEs in water and porewater of an urban estuary. Environ. Pollut.,
162: 287-293.

Smedes, F., 1994. Sampling and partition of neutral organic contaminants in surface waters with regard to legislation,
environmental quality and flux estimations. Int. J. Environ. Anal. Chem., 57: 215-29.

Smedes, F., 2007. Monitoring of chlorinated biphenyls and polycyclic aromatic hydrocarbons by passive sampling in concert
with deployed mussels. In passive sampling techniques in environmental monitoring, Ch. 19. Ed. by R. Greenwood, R.,
Mills, G.A., Vrana, B., Elsevier, Amsterdam.

UNEP (United Nations Environment Programme), 2001. Final act of the plenipotentiaries on the Stockholm Convention on
persistent organic pollutants; United Nations Environment Program Chemicals.

UNEP (United Nations Environment Programme), 2004. Guidance for a global monitoring programme for persistent organic
pollutants, 1st ed.; United nations environment programme chemicals.

USEPA (United States Environmental Protection Agency), 2012. Guidelines for using passive samplers to monitor organic
contaminants at superfund sediment sites, 32 pp.

USEPA (United States Environmental Protection Agency), 2017. Laboratory, field, and analytical procedures for using
passive sampling in the evaluation of contaminated sediments: User’s manual, 153 pp.

van der Wal, L., T. Jager, R.H.L.J. Fleuren, A. Barendregt, T.L. Sinnige, C.A.M. van Gestel and J.L.M. Hermens, 2004.
Solid-phase microextraction to predict bioavailability and accumulation of organic micropollutants in terrestrial
organisms after exposure to a field-contaminated soil. Environ. Sci. Technol., 38: 4842-4848.

Vrana, B. and G. Schiitirmann, 2002. Calibrationg the uptake kinetics of semipermeable membrane devices in water: Impact
of hydrodynamics. Environ. Sci. Technol., 36: 290-296.



el 9]/ sferegollMe] -5 @305 7] (Passive Sampler) 9] -8 2. @FLEAI BES SR WAY « 265

Vrana, B., 1j. Allan, R. Greenwood, G.A. Mills, E. Dominiak, K. Svensson, J. Knutsson and G. Morrison, 2005. Passive
sampling techniques for monitoring pollutants in water. Trends Anal. Chem., 24: 845-868.

Vrana, B., F. Smedes, T. Rusina, K. Okonski, I. Allan, M. Grung, K. Hilscherova, J. Novak, P. Tarabek and J. Slobodnik,
2015. 29 passive sampling: chemical analysis and toxicological profiling. 304-315 pp.

Witt, G., S.C. Lang, D. Ulmann, G. Schaffrath, D. Schulz-Bull and P. Mayer, 2013. Passive equilibrium sampler for in situ

measurements of freely dissolved concentrations of hydrophobic organic chemicals in sediments. Environ. Sci. Technol.,
47: 7830-7839.

Xu, C., J. Wang, J. Richards, T. Xu, W. Liu and J. Gan, 2018. Development of film-based passive samplers for in situ
monitoring of trace levels of pyrethroids in sediment. Environ. Pollut., 242: 1684-1692.

Yates, K., P. Pollard, L. Davies, L. Webster and C. Moffat, 2013. Silicone rubber passive samplers for measuring pore water

and exchangeable concentrations of polycyclic aromatic hydrocarbons concentrations in sediments. Sci. Total Environ.,
463-464: 988-996.

You, J., P.F. Landrum and M.J. Lydy, 2006. Comparison of chemical approaches for assessing bioavailability of
sediment-associated contaminants. Environ. Sci. Technol., 40: 6348-6353.

Zeng, E.Y., D. Tsukada and D.W. Diehl, 2004. Development of a solid-phase microextraction-based method for sampling of
persistent chlorinated hydrocarbons in an urbanized coastal environment. Environ. Sci. Technol., 38: 5737-5743.

Zhang, X., K.D. Oakes, S. Cui, L. Bragg, M.R. Servos and J. Pawliszyn, 2010. Tissue-specific in vivo bioconcentration of
pharmaceuticals in rainbow trout (oncorhynchus mykiss) using space-resolved solid-phase microextraction. Environ.
Sci. Technol., 44: 3417-3422.



