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OB 4 (Polyceyclic Aromatic Hydrocarbons, PAHs)33HES] S5 Sk 7|9 WS {48 +
o 24 FAE Y 7 (black carbon) = F-E (soot) 5ol A8HA F& = o] A& o] FHAA 4 Q=
Ej7}A] E$Fs= F5 5 (total concentration, C, )= E530I A& 5& JofH71e 4= Q). o] 16& ?}@%
SE317] 98l PAHsS] AEol84 SEREE ST = 753 A7) WRjo] /= o4 gtk AEo]8/d PAHSE

71 At S8 7 e WS @ eE(in-situ) AANARE, 2l AgeFAIe] e 5 Zﬁﬁﬂ (passive
sampler)®] A} a2 F2 9l 71 FYEGAIRE 2] Wdo] Qlok. whEbA 2 AFtellAE o] AEE B3
AollA AHAS HA=l 758 AWNE wEsto] BIEPARE @5 5 9& A ) (ex-situ) HEHS F
A 5}6191 1, 180 rpm 10doleh= H4 20S 449 3
283 A3} FAE 3= U 57 55 (dissolved concentration, Cy.oved) o Z]"Pr%%’?} lr:‘:(freely dlssolved
concentration, Cp)’F 2FAI8H= B2 F 1~9% == UERHTE B Ao 3 A2 LHH4E 3559
A8 AHEEY FE(Cre)E 5793101 AATOZMN EH =] T FE(C o) EU TS A A&l o]85o)A]=
AHFEES FE(Cheo)™ M 2 7 ASS ERIBIIAL, o]l L[JrF)r Y HAE] el=E Bt o gEetA Bt

at7] SlaliAs FEd AF7E Sl A $5(Cr) S0l 2o Ao w AaE I

Abstract — The conventional method of measuring the concentration of polycyclic aromatic hydrocarbons
(PAHs) is Soxhlet extraction. This method can extract all forms of PAHs including even what cannot be bio-
available for organisms because of strong adsorption on black carbon or soot in the sediment. So it may overes-
timate the actual biological effect or bioaccumulation. Therefore, passive sampling methods (PSMs) have been
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developed to measure only bioavailable PAHs. The best way to measure bioavailable PAHs is in-situ method,
but there are many problems such as the loss of passive sampler and the biofouling according to long exposure
time. In this study, we tried to optimize the ex-sifu method to shorten the equilibrium time by exposing the pas-
sive sampler to sediments under various conditions in the laboratory. From the preliminary experiments, we set
optimum conditions for 180 rpm and 10 days to equilibrate between passive sampler and sediments. As a result
of application in the contaminated sediments, the ratio of the freely dissolved concentration (Cy,.) to the dis-
solved concentration (Cgoneq) in the sediment pore water was about 1~9%. Although the total concentration
(C,oww) of PAHs in the sediment is high, the freely dissolved concentration (C,.) bioavailable for organisms may
be very low. This resulted suggested that the measurement of freely dissolved concentration (Cg..) using pas-

sive sampler should be necessary.
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A& A7k ofd g} sk elAl v vhekst el A
Ao o] §d 7 = P EHY AR oJAX] M (Burgess
et al.[2013]; Douben[2003]; Wenning[2005]), Q17t]| o3l AJAtE 12
AHEE o] X FEe A4 f7] #3HE (hydrophobic organic
compounds, HOCSE QI8 2= 1A Tk Apell and Gschwend
[2016]). 53] Aleh, A E EkEC] T8 SRS thehlaket
3} 4> (polycyclic aromatic hydrocarbons, PAHs)= th7] @ <33}
A 92K F mlES FEl e ol A EE TlaEAl &
TAR7ILAEAR, QAT et AF 0T HA =] oW A
7 ZRske oIS 72 Qlo] o e i =2 E A
)tH(Lang er al.[2015]).

Anta o 2 FZZo st 7 sediment quality assessment)
429 F 5 F7leaE B
Hofzl lo%_(orgamc carbon normalized concentration, C, )& 7|1}
0 7 o]Fo]x gt Ghosh et al.[2014]; Tuncel and Topal[2015];
Walker[2014]). ST S24J0] =2 E37H2(black carbon)o|th

TE(soot)e} 22 7847 EAsk= A9 HAlE W o9 Z]El
SEEFE G A el Aaleka Q= AMAYE F4E AdksE
o5& k5151 © (Apell and Gschwend[2014]; Friedman and
Lohmann[2014]; Mayer et al.[2014]), & 54 JeF2 HHE| =
Tt old 3= Ul AMEA £ HolQlE T (freely dissolved
concentration, Cj..)°l T 2E8h= 2 22 Ve TH(Lydy ef al.

N
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I=(total concentration, C,,) 5=

[2014]). B3, 7]E 8 02 st 355 o3t 5 Akt
LIS WPro] RS FEE TR S A AR

o1 g ARG 2w ARBEA 1Tk f AT wAHl
ERRE| HAE ) )0 B

water partition coefficient, K.) #t= ©]8

7] Full Al (organic carbon-
g3510] o:ﬂ.__% NN
o 2 ol 7k
= S48 Al A
e

}1x]Q1 2-%5 )77

I=(dissolved concentration, Cp.q)5-CF &4
o} wpebA] 1990 T B AT S
SN LHELRES Fee /‘Exﬂ e AL

(passive sampler, PS)7} 7IL= K TH(Cui e al.[2013]; Gschwend
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AR e FHEEARES S80S W AT SRS el
tl el ARle] W5E= 2 Rl 77 75 pm
Q1 POMS WHIEE 120 ipm o & H &
AA; el naphthalenet %E—
fluoranthene . .C} %3 I
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X
2 ATl 2l 5 A= FA7F 254 um?] LDPER
Covalence(Minneapolis, MN, USA)lIA #9133t} LDPE:= tf
ol FZZMH|Q (dlchloromethane DCM), WgrE, 2 A2
Z¥zk 1557 3UA % o] Ecee AMsISith AlAE
LDPEE F=ojlA 7d @@ A7) s BTt
B Aqto] B4 thA) 3152 16 EPA PAHs(naphthalene [NAP],
acenaphthylene [ACE], acenaphthene [ACN], fluorene [FLU],
phenanthrene [PHE], anthracene [ANT], fluoranthene [FLR],
[PYR], benz[a]anthracene [BaA], chrysene [CHR], benzo[b]
fluoranthene [BbF], benzo[k|fluoranthene [BkF], benz[a]pyrene
[BaP], indeno[1,2,3-cd]pyrene [IP], dibenz[a,h]anthracene [DA],
benzo[ghi]perylene [BP]).2.= AccuStandard (New Haven, USA)
oA Fustict.

pyrene

2.2 Ex-situ &8l
Ex-situ A 3ok & H2 453 QX717 H4E AR
L2y f71e9E54dS FsidEs FHe B2 FlS o H

AE Ul 2954 s5v 7] w58} T4 2lo] U] Ghofof stk
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oA Al ETHGhosh et al. [2014]) webs o]t sletEd 1S
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Almoe) ¥l ()& 5% ©18h7h ¥ =% 424 8l TH(Endo et al
[2017]).

12} A3l AREE B4 =2 Fallat 2bHelA AAF [0, 16
PAHs 7] & F5E 250 ng/g dwith. & Gasd7]5) 2
F71eA SFERAFE71E)YE 2 39%, 0.65%311(Table 1), 16
PAHs 7t 3}gh&2 %57} ok 80 ng/g dw9HE Z7}% == PAHs
EES 7S F 24x7FE e A SISt d ke HAE
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Table 1. Information of experimental conditions
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Category 1* experiment 2™ experiment
. Water content 39% 35%
Sediment .
Organic carbon content 0.65% 2.5%
. . Exposure period 60 days 20 days
Experimental conditions . .
Shaking velocity 130 rpm 180 rpm
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(Vrana et al.[2005]). Wb 3= U A8 55 (Cr)E T
8 A7 & 7He] Bl Al (passive sampler-water partition
coefficient, Kpy) 7 B0l T35S W] 453 257149

L2(Cp)E olgste] 72 = AThA (1)). ++ A7ellA= PAHs
:@}61“ 59 Kpy 84S Lao er al.[2019] =30l A §18-810] Al-g-3}
St

Cp
Chree Koo O]
Kpy= 753 AF719} & 1Fe] FAVFED Bl Al (ng/Ly
(ng/L)
Cp =B¥el E3lols o 753 A7) 2854 v
(ng/L)
Cpee= 29 =2 AH-EEY F5(ng/L)
BN BEY S 7IES] SUL B2
P2 T FE(Cow®IM F7IeA oz AT B2ES] &

(Coo)SF HAE U f716k29) & 7+ BEaAIF Koo = }\}._Q_OM

Tkt 2 Aol ARRE logKe B Witt er al.[2009]°114] 91
L
Coc
C issolved — 17 (2)
dissolved KOC

B
fLEE

oc™= E]x_]‘j LH ‘IT7] B4 3]’% 21—94
OC)/(ng/L)

=2 AR (ugkg

Coc = A8 Tk BT B4 52 5 (pgke 00C),
Cuisoned = H A= T4 8244 F 5 (ugl)

Table 2. Recoveries of PAH surrogate standards (%)

- - 95 7
25 717124 % HE@e

BE ANExs ZAAEeRE 1] At 7] (Agilent 7890A gas
chromatography/5975C mass spectrometry)s ©]-8-5lo] =44
A5 e ZH]2 DB-SMS(30 m x 0.25 mm x 0.25 pm) XA

AdE AHESIGlth o8 25 27] 60 °CollA| 287t {45k #
300 °C7FA] 6 °C/min 2 524171 & 300 °ColA] 1383F FA8I==
AAEIlT AlETIERS R ERER Sglon, HEYHS
57 AL o] &kE AEsto] HEsh= AHA o] R T Y
(selected ion monitoring, SIM) X =& ©]-8-35}3]t}.

u] AEIA] HPEA| B2 EAA A Es) S BAeE 5 A8
FEE B 7EE AR SN R aFE= A 3

Table 201 YFERAS1aL, US EPA #2)7]5221 40-120%2] H91S 9=
Sy

A5 A AHE A8l T ETEL
NIST-SRM 1944)= #2418t A3}, 3]576-2 50~100%2] M= 1}
ettt H25k A8 12k W 23k 717134 4] BbFeF BRF= 418
2] (coeluting) T*Jo] A7 BbF/BKFZ 34 AlilslSitt.
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1 _ch_lx-lil. lil' AI%—I
1;‘(]. A& oﬂ/ﬂ PAHs g].alﬂ

AT
LDPEZ &% @354 9] A

|
[Nty Zl'oﬂ U?]% =
ERNISITE 424} 3H5HE(logK,,<5)2] NAP, ACE, ACN, FLU, PHE,
ANTE] 3532 5900 Al F532 1el F ashu el
© 2319 (Fig. 1a), 254} 8H3H2(5<logK,,<7)2! FLR, PYR,

ko3
e

Surrogate standard compounds I* experiment 2™ experiment Field Application
Naphthalene-dg 82+ 19 61+6.6 55+44
Acenaphthene-d,, 86+ 15 73+7.8 59+3.8
Phenanthrene-d,, 95+ 11 78 £3.7 66+3.3
Chrysene-d,, 107 £ 15 91+43 82+4.1
Perylene-d,, 99+ 15 88+ 6.4 104 +£7.1
1.2e+6 1e+6 3.5e+5
—o— NAP —e— FLR P
1.0e+6 o 8e+5 o 3.0e+5 oo
—— FLU —A— CHR
—8— PHE —8— BbF/BKF 2.5e+5
5 8.0et5 —a— ANT - \ —= BaP
) e 2.0e+5
£ 6.0e+5
o 4e+5 1.5e+5
O 40e+5
1.0e+5
20ev5 2er0 5.0e+4
0.0 : S — 0 . : : : : : 0.0 . , ‘ , :
0 10 20 30 40 5 60 70 0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
Exposure time (day) Exposure time (day) Exposure time (day)
(a) (b) (c)

Fig. 1. Equilibrium time of 16 PAHs (1st experiment, 130 rpm); NAP, ACE, ACN, FLU, PHE, ANT (a), FLR, PYR, BaA, CHR, BbF/BKF,

BaP (b), IP, DA, BP (c).



A 9

pat

N
o
o
0y
O
2
&=
e

BaA, CHR, BbF/BKF, BaP2] &% =&k 102 A 532 1
Q1 % ghAsbaA] Bl =Ealgith(Fig. 1b). o= Alkte] Aol
et =58 A7 FrEE 9= s SR Y
Al FrA e H ol el ANHAQl ¥ thEAl vEr
Wk, AREAE 9l At sl Ao s BR) § Fhaehe
olf= TEE A7 A sRtEERe S& A4 B et
HhA 7] w2 A e th(Koziel el al[2000]). Gao et al.[2019]°]]
w=, SRt SRS ARt sRtE 9 A SkE R
Ao R o 2 F574% A< (uptake rate constant) #kS 2=
th webs] 5 A7l S S5 SuAt EgkEe] 7t
2wk ARAL, AL S wAlo o S, Al ASE A
(elimination rate constant) &t logKqy k0] 71l wel 74
sh= Aol 9lom, ol AAt e Aol e sleHE
Ho}p Hrhs A %} 4=l ohA] Hal AREAf B A Sk
59 AR FFEE S50 R o E v wEA T
2t sl A9 vl w ] g BE mF 7| o] At w4
Y A7) W ARA 9 SEAL ekEe] WAy PEA atak
SEEE diAl=EE Aolrt. ATk o83t A slgEe] 75
ANA7VE 5 9 BEHel mE URkAQl Ao ® ghhE|oj x| 1

m] x| 2] kgt mEA e
E7171Q1 60 el = 1AL 315 (7<logK,,)}! IP, DA, BPE] &
T /R AES R (Fig. L), °15 TvAt JEES A9
Z7 0 A

Sk 13 PAHs 3}3HE-2 AAE 12851992 wl, 130 rpm
308 & Ho =t 210 % FR1FG}.
Aol @é@fﬁ o]-g=ojA= PAHsS] Hl&-S AXls] $1st

o ex-situ 2 (HEFE 4L }“rr%*”% FE9) 7|Ee] H
HAE v‘i‘J—‘i‘%ﬂ 2] QEFE I £ 5 vl usiithFig. 2).
Ex-situ "WHO 2 AL PAHs A3/ % o] M= 0.29~110
ng/Lgon, ElFE Bajog oo %@\ E22] 9= 0.12~700
ng/LATH A8 T2t §54 T BT AvAt SE
M S FRE HoloH, %oHE@r %;8 ABPAE BT}
(Fig. 3). 8% 55 & A8 557 AA8k= vlE-2 NAP
(4%), ACN (38%), FLU (5%), PHE (13%), FLR (6%), PYR (6%),
BaA (7%), CHR (12%), BbF/BKF (37%), BaP (16%)Z L}EFstTh.
ACEY} ANT?] 84 55 3k 27} 630, 84 ng/L= LEFHAIRE, ZF
shEel tist K, #tol Q1-8-ak F3 el A= o] QlA] kol AH-

H

10000

. Cfree
1000 = Cyissolved
100 -

10

Concentration (ng/L)

0.1 -
<& &

16 PAHs

Fig. 2. Comparison Cg,, with Cyveq (1% experiment).
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?=0.96
2.0 A ) 3.5
30 I
~ 151 3
3 £
g r25
~ 1.04 @
@ 2
2 2.0 )
O 05 - 2
g F1.5 S
0.0 A ]
F10 ©
-0.5 A Ag log C,,, L os
A A I°g cdissolved
-1.0 : . . : : 0.0
2 3 4 5 6 7 8

log Solubility (ng/L)

Fig. 3. log Cg,. and log Cyiveq according to log Solubility (1™ experi-
ment).
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=7}8+ r/]-(F1g. 4¢). 15 T3l ex-situ AEA] AEA}F H FH A}
shekEe] A5 FHel ‘:‘5%17177]'1]9] A gAZ 10d H =
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eEdell wi e S 7 AR A e EAehs &
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TR A7 mEEH e WA {55 oAl HE
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Fig. 4. Equilibrium time of 16 PAHs (2™ experiment, 180 rpm); NAP, ACE, ACN, FLU, PHE, ANT (a), FLR, PYR, BaA, CHR, BbF/BKF,

BaP (b), IP, DA, BP (c).
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Fig. 5. Total concentration of contaminated sediments (ng/g dw).
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