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ABSTRACT

Anthropogenic polycyclic aromatic hydrocarbons (PAHs) are formed by the incomplete combustion of fuels and industrial
waste. PAHs can be widely exposed to the environment (water, soil and groundwater). PAHs are potentially toxic,
mutagenic and/or carcinogenic. Fundamental studies such as biota uptake (e.g., earthworm and plant) of PAHs are highly
needed. It is necessary to develop alternative ways to evaluate bioavailability of PAHs instead of using living organisms
because it is time-consuming, difficult to apply in the field, and also exaction method is tedious and time-consuming. In
this study, sorption behaviors of phenanthrene were evaluated to predict the fate of PAHs in soils. Moreover,
bioaccumulation of PAHs in an artificially contaminated soil was evaluated using pea plant (Pisum sativum) as a
bioindicator. A novel passive sampler, organic-diffusive gradient in thin-film (o-DGT) for PAHs was newly synthesized,
tested as a biomimic surrogate and compared with plant accumulation. Sorption partitioning coefficient (Kp) and sorption
capacity (Kr) were in the order of natural soil > loess corresponding to the increase in organic carbon content (f,.). Biota-
to-soil accumulation factor (BSAF) and DGT-to-soil accumulation factor (DSAF) were evaluated. o-DGT uptake was
linearly correlated with pea plant uptake of phenanthrene in contaminated soil (R?=0.863). The Tenax TA based o-DGT as
a biomimic surrogate can be used for the prediction of pea plant uptake of phenanthrene in contaminated soil.

Key words : PAHs, o-DGT, Biomimic surrogate, Bioavailability, Plant uptake

1. M E

3RSl (polycyclic aromatic hydrocarbons,
PAHsy= 27l o] Widge] 725 7He W &
SkrAE ou|it), ol FAU EY e 37| o=
EEo] 3 AA AEHoR JEE 7 F U=
LAEHelt}, 30 =EF% PAHst 5435 =of &
T 7hsAdo] glom Edmole) V3] WAES
=2 4= 9t} HE3 PAHsE A25A4S UehiEE &
o AEA A=) PR o R JIAE =&E &

ITH(Lin et al, 2001; Yang and Zhu, 2007; Mei et al.,

0

*Corresponding author : wshin@knu.ac kr

2009). ¥]=r EPASIME 1659 PAHs(Z16PAHs)E $-4
o EA=E Agste] dsiar ot olelgh olf=E 4
EA4 Woll PAHsY o5 2 A& dFsle AL Hol
ARzl 93] QA U2 eFEZS] PAHYF F9E s
do] JYth= Aol w9 Fastct =] s A
Z(Ministry of Environment, 2018)°X%= H7A A
EAZE ff, Seaet sgEd Aol 1 fdx <l
Ao} ol s = et e EA7A EFe
i vl PAHsS] 93l4dS Elshd e9Ed=E 23
2 7Fs/do] drkar ke

dukzo g Bk Ul 7108 EHS] FE%7IE s

Received : 2019.12.5 Reviewed : 2019. 12.5  Accepted : 2019. 12. 17

Discussion until : 2020. 3. 31

16



0-DGTE QYA ZA} Y EZ=Z o] &

F2 f7180) 29 B olFolaket] o] A9
|l ek FEAR et FEo] 2 S /1o,
o] HLtHO /\ggsl-xq _;ﬂ7]. ‘jd_.i o],g_g]__ 740 ZZ_L]_
ol g3} Bte] e Asie & ) s )
PHslA Zolch, Bl 098l F Bk ohje o
AEZ] Ao)8A 2 =L V|Foz EIS HU)EH

= 0] #elol, Bl i 29RRS) Aol 4
EA RO v AR} AA=Z | FHZe JFS v
© Q4o AJolE- q(bloavallablllty)oﬂ a3t J§7]——
A=do] AEA =2He BE gvlsi, 2L9=4
o SO o e A9 ool we wo)
Uil 213 i S LSl 2 )

ru[o D

A= ke Db = AtkShin, 2007). EF Wl EA)
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(Sigma Chemical Co., >96% HPLC grade)S 25 mL9]
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IE 1kg(dry wrell FHg $ 2447 52t 10 pme
2 tumbleroll A Z 4Jo)Fa1, 16A17F FRF HAlelA ofAl
%% SEAIAA QT LHESS AT Brinch et

., 2002).
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Table 1. Physicochemical properties of phenanthrene

Phenanthrene
Molecular formula Ci4Hyo
Molar weight 178.2
Solubility in water (mg/L) 1.18
log Kow 4.57

Chemical structure OCO
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Table 2. Physicochemical properties of the soils used in this study

. . WHC Joe Surface Pore volume Pore size
Soil Soil texture %) pH %) area (m¥g) (cole) A)
Natural soil Sand 49.0 425 3.44 9.20 0.108 18.5
Loess Sandy loam 34.4 5.48 0.22 10.1 0.041 19.1

(Ministry of Environment, 2018)° W&} S433ath.
7184~ ¥ (organic carbon content, fi ) GARS o]E-
slo] FUIREAE AAT & AAEAZI(LECO, SC-444,
USA)E ©]&3}l] =43}t Gomez-Eyles et al., 2011).
7} BEge] gAY Vg EE HEEA 9 Vs 4
7](Autosorb-iQ & Quadrasorb SI, Quantachrome)S ©]
g3t ARt B S Ef-5(WHC, water
holding capacity)2 OECD guidelines(OECD, 2007)°]]
ue} SG3I AFRE B Re] EegleE] EAle
Table 29 YERSITE.

Al phenanthrene &% #29S8- 915 USEPA method
35413} 3541a2] pressurized extraction method®l whe}
ASE(Automated Soxhlet Extraction, Dionex-350, Thermo
Scientificys o]83l F=E31Ha, =3 Svlle A7
(silica gel, Sigma-Aldrich, 35-60 mesh)2 “gA|3+ T2
GC-MS(Gas Chromatograph-Mass Spectrometer, Agilent,
7890A/5975C)E o]-83t] A3ttt DB-5MS(Agilent,
30m x250 um id., 0.25um film thickness, USA) Z
Hy} MS(Mass Spectrometer, Agilent, 5975C, USA)7}
FHE GC-MSE ARSI, &5 Z7E 45°CA]
10°C/min 52 170°C7HA] A5A1A 1083 541, Tl
10°C/min £=2 200°C7HA] “F5A1A 821t 741, 10°C/
min £E8 240°C7HA] AgSAIA 1583 41, 10°C/min
EE2 300°C7HA AsAA 1083 AR AR F
PEe} MS 2%+ ZFZ}; 300, 310°CO|™, carrier gase
He& ARE31] 458 1.0 mL/min®Z 39tk 3= 5
+ Liu et al.(2012)°]] W&} ES ASE 4T3t
Z3tgon, FZF8&HL2 HPLC(High Performance
Liquid Chromatography, Waters, 2695/2487)2 ©]-&3}<]
43810 HPLCE AR /A8 §87E71(UV/VIS
absorbance detector, UVD)S ©]&3}o] B4J3liom, A
29L& LC-PAH(Supelco™, 15cmx3mm id, 5Spm film
thickness, USAYS AFE-S}IAL, acetonitirile?} &S
o]g3le] 70:300F o] HIES 2SI oM, e
0.7 mL/min® 2 A3t} 29 == 30°CE 3,
UVDE 34 254 nmoll A 235130k

N
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PAHs®] A& AYJA|52 (bioaccumulation)yS H715}7]
L3l FFF ANkS FrFsozHE Tl AM831T)
Aol ARBSZ] A 2447 B SRS BH B2 ¥
FAFNA, - AEZQLZ A AZEY oFHA] paper
(Advantec, 5B, ®=70mm)E HEZUF =] ©A
FH3 | EFEE filter paper EHS HA FAoh
(Zezulka et al., 2014). FETHY A=A 9o 73
Aots &8 FEUHE ¢FuE TYZ A AF
ARl 7] FHIE THEOlE H 255l 3 B}t
oAl 7T Al e 2% 25°C, I 35%, T
FeHgde] HdE dojuqe We] A7IR1 FrIFH 25
o] oF 4,110~5,580 LUXZ +AJ8laL, Wolsl SHFg-e =
EHAS 60%2 2T H|9H AAEY Alo] 3537t
AR WA Bt FAE S7g8ke] AAas ¥
AR S B3l RS RISt Mundus
et al,, 2012; Ni et al, 2014). FFZo=E 357 AAA]
7 $FFE 7k 9, 7], WelF s AES A
Ag Aol A8kt

Azl e AESS AL 150 mgkgl 2 LA
EFS 250 mL BIAC 185¢ A W, AFH 5T
27 AL T 1F3Y 7HHog &3 42t N o
L AF FHeE ol B EY RS AAS
a1, 52, 7], do Fel3 g 1-2em BEQ] Z7)
2 A B ARSSIGTE R 5 AFe 20,
50, 80, 100, 150 mg/ke?! LHUEWFS tidoz 4571
Tt on, AFZAL kinetic A3 FYsHH, 43
HHE A8 $=3831%0t}. Control A0 2= 21E0] Qe
Bk B F0I8Ith

2o AR A2 AELS FTAAZE7I(FDU-2100,
Eyela)Z 48A17F &<t 27xA171 &, tissue homo-

genizer(Ultra Turrax Disperser, IKA, T10 Basic)S ©]
galo] FAslslal, 600 um Al(Sieve # 3002 AAE3}
o 1:1(viv) OPIEELE 8N 10 mLE Bo] 253}
M2 7](Branson 8510, USA)ZE 1A|7F 59t F=3199c}
(Gao and Zhu, 2004). =842 #F 8l dichlo-
romethane(Merck, GC grade, 99.8%) 3 mLZ &3}
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Table 3. Composition of Pisum Sativum

Water (%) Lipid (%) Carbohydrate (%)
Leaf 90.46 3.15 6.39
Stem 89.34 2.62 8.04
Root 90.72 3.88 5.40

al, Florisil SPE(1 g/6 mL, Agilent Technologies, USA)
2 AA|(Tao et al., 2008)3F T GC-MSZ 431t}
A e, AAYE © weskE IS S5
oh i RS 105°CIA 24A13F BE Az Az
A%e] FARE ol&st] Ao, A DT (lipid
contenty> OPHIEELF EFEN(1:1, vivieys AZH 4
Eoll ¥ 1XZE F¢F 259 AIH71E ol 8et 3=
T8RS 2403F B4 FPEAIA P K50 FAR}
o]gale] =43} THSimonich and Hites, 1994). 2]
U ek A Alefd e BerskE
@ (carbohydrate)© &2 AOJSFITHLi et al., 2005). &
Tl ARSEE SRFE g, A, erskE ke
+ Table 3¢ JERHIITH
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22.3. o-DGT(organic-Diffusive Gradients in Thin-film)
£ o83t 5+ A%

B Ao A8-" DGTE= DGT Research(www.
dgtresearch.com, Lancaster, UK) AA] BIEE 2|29
DGT" deviceS T3t AME3IATE Base - 9ol
B A A2 Tenax® TAZ T RIS 29
T agarose diffusion gel@4*Fd), PTFE(polytetrafluoreethy-
lene) E|(®=2.5mm, 0.45pum, Chmlab group, Spain)
TAZ 223 Cape ©O] o-DGTE IAAA FHISHA
thFig. 1 %)

AAAS FAs) flste] 20mLe] 1.5% otz
(Agarose, Sigma-Aldrich) Al 84-& H|A| i1 80°C
2 71gst FoluA TSR 0.1¢g9 Tenax® TA
(60-80 mesh, Alltechys 7}ste] &g &3 848 1F
ST 2ol ol Fol B FA7E 0.075 em7}

== Az AL Tenax® TAS XE36HA] &
< 1.5% oPtEZE A &8s AL 0.05 o7t HES
AZ3F3tH(Zhang and Davison, 1995).

o-DGTY] #AAY &% PAHs F= Cui et al
2010l w2} S=sion, FE80 9mLE 10 mLe]
Ultima Gold scintillation cocktail(Perkin Elmer, USA)
¢} &35t liquid scintillation counter(LSC, 2910TR,
QuantaSmart™, Perkin-Elmer)= 251t}

Cap

v Filter membrane

» — Diffusive gel
> Resin gel

Base

Fig. 1. Schematic structure of the DGT assembly.
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BE S HEE A HElE septart 21
40 mL FZ4Y ulo](Fisher Scientificys ©]&3le] 3&E
202 FaEigint. F2 Addle dAAE Ao <A
slo] AAERS 0.1 g FEE 6.0g0F Z12F HAs}]
AT $3 52 Aol A8E 899 x7] T
+ phenanthrene®] S3=5 1#H3}] 1.0 mg/L7HA] AZE
stgon, gde AFAZ 1mM F3ZH(Calcium
Chloride, CaCl,, Yakuri Chemical)®?} 0.5mM <3}
Y| (Magnesium Chloride, MgCl,, Duksan, 98-100%),
" AE AFIAAZ 200 ppme] R =FPIEF(Sodium
Azide, NaN;, Daejung, 98%)= 75l AZsloH
LSC ¥4& 98l 2t sxde Ax3 899 radioac-
tivity7} 2,000 cpm/mL7} =5 “C-tracer(**C-phenan-
threne, 1.0 mCi/mL, Sigma-AldrichyS 713}t &gk
el ot E4E Haskel] A8l FEAE Sld=
A nlo]ol| headspacee’t HASHE TS 3 §HS
AL T &(¢F 25°CPlIA ’IEHE o8dtd FHA
Ak F3 F 1,500 pmollA] 15 83 4IRS o,
A5d 1mLE EF3| 8mLe scintillation cocktail
(Ecolitet, MP Biochemicals, LLC)®] S¢Il= 20 mL
scintillation vial(Wheaton)oll ¥l LSCE o|-&3f] &4
o] FAF HHTEE 7833t

o 01-=

582 4% ZF= Linear, Freundlich 298 AME-
3t 25 (curve-fitting)dATE. Linear Ed-2 T2
2 (17 o] FAR

qupC (1)

7 g(mgkgt Cimg/Lys AVEe] B, AV
ol BPE=E 77 e, K(Lkeye B9 35

J. Soil Groundwater Environ. Vol. 24(6), p. 16~25, 2019



20 AHAA -

(partitioning coefficient)©|C}.
Freundlich 2&-& tha-9] 2] (2)2} o] F& T}

g=K.C" @)

3714 Ki((mg/kg)/(mg/L)')= Freundlich =¥ J4=
ol EA3) S~golrto]l 8A0] o wAAke] T2
o HERHAL, A9 M- T2 8ol olgA|e] 27

oF BvtddS vERdth ZF 2] vi7Ha= Table
Cruve 2D®(Version 5.1, SYSTAT, Inc)E AM&3le] 274

skt
w3 F2 A% (Zhang and Zhu, 2009y SAAZE
2 m_,] £ tissue homogenizers ©]-83}] % 1§1f——5}
, 600 um AE AAESN 40 mL A njo]dol| 7

7‘ ZOOmgQ‘ ”01 —75}%24,% xH_ TS Eof EahAY

9
phenanthrene®] F=% Z73}7] 9181 phenanthrene &
2k AYS ATt St vlg- e A 771
3}3+E(hydrophobic organic compounds, HOCs)2] &=}
T2 Ay oe g Mygow Jehdth B A=
Fig. 20 YERd wiel o] §al=rh wig- w2 phe-
nanthrene®] F25-241e Aoz et

FAEE0 2 HE A& Kd HEE Table 400 WERY]
Aom, R? go=2HE & F AR0] linear(R*> 0.99)2}
Freundlich(R*>0.99) ¢ =% Z gty A3P=do]
Ay} Kp $h& B, ARIESS] H9 3278 L/
kg, e AS 4.605 Lkgo = et ™, Freundlich
2d9o] K A= AR FES JEle 3lo= e
U AAESS] SRSV ES] F3F sl r ¢
Holk RS & 4 Ak Freundlich Zde] N & N
= 12 Yeh} A8 53 (linear sorptionll 717k o=

:V_/\-] ul—i

>
o
1>

200

(a) Natural soil

150 -
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50 - Ve
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Fig. 2. Sorption isotherm of phenanthrene onto the (a) natural
soil and (b) Loess.

vepskom, 849 waf ddo] dojue s & 5 A
TH(Sparks, 2003). K, #= 3R 2FAELL95.29
L/kg-oc) > 3E(20.93 L/kg-oc) T2 F UEPEOH, o]&
Frleas ghgo] S7ieke A9t dXIstaTt. ol
ko] Z7lh= A1 Wu 5(2014)9] 4

S 2 & 9lon], ARIEYe] Fhel FEU
o o ol e

% 4 gink,
o) F3 A% AT Fig 3o Uekhgion,
A& 8] U] phenanthrene®] HIAISG, K(L/kgy= 8-

o 29 Kmgket BEFENAAS] £A] phenan-

Table 4. Sorption isotherm model parameters for sorption of phenanthrene onto the sorbents

Linear sorbent Kp (L/kg) K, (L/kg-oc) R’ SSE
Natural soil 327.8 +£8.771 9529 £2.550 0.988 277.1
Loess 4.605+0.074 2093 £0.336 0.996 0.022
Freundlich sorbent Ky [((mg/kg)/(mg/LY™)] N () R? SSE
Natural soil 290.3 +£5.462 0.8582+0.0185 0.999 24.61
Loess 4.319+0.017 0.9195+0.0705 0.999 0.004
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Fig. 3. Root sorption of phenanthrene.
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Fig. 4. Pisum Sativum uptake of phenanthrene from contaminated
natural soil over time.

threne % (mg/L)®] B2 7 4 Qo). K, 3+ 3,517
LkgO = YElIT

QoL dxt
E9] phenanthrene &-2+o] Y-

=
ol A& T4 Ao Rl gonma AR B 3
% tjsted Tﬁgb‘}oﬂ‘;} Phenanthrene

o{l

7} 150 mgkgd] AAESNA =3 Al7hE A=
@), 27+ FF TS vlwsier, 1 4
e Flg o il thie] AE Foe el
Zol| X ol AL & 5= glon, £719) o9 o]
Eo A= AL 31T = gtk A7) A waEt
2)E0 %= phenanthrene®] AR 7AEI oM, 4F
A2l W) 2lggLago] o} we, oF I of
A

23 APAAE Wegslel o T A F5 AL

L FGEA phenanthrene?] 2]EZ2 37} 21
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Fig. 5. Correlation between (a) plant uptake concentration (Cpjane)
and soil concentration (Cs,;) and (b) plant uptake concentration
(Cplan) and pore water concentration (C,y) in phenanthrene
contaminated natural soil.

472 IPAA YA
Phenanthrene® 2 Q. 3H AAES}F F=<) phenan-
threne = 2 A5 5 T=5 S ZHE Fig S

o HERAIT. Fig. S@PI 2 = o] AdEge]

LATEI =& EYOX AE FF s=U o =4 S

AES ¢ & At o= F= Wl phenanthrene®] &

T AE F s=oE o] e AoE AW

A=t Fig. 5(b)E BH T35 v57F 2575 A=

5 527t A JER olE SREgIT) *“j% e
g o]

=

BEje} A HE3le] AEZ o). o|HH IS
LEEAe] FEe AE0] ol8rbset wEot vl U
g Ago] JUtKSu and Zhu, 2008).

By =2 g F% AAKroot concentration
factor, RCF = Coof/ Cso) 2 YEPE 5= om, =)o} ¢
o] =2 shoot &% <IAK(shoot concentration factor,
SCF = Cyool/ Csoi)® VB 4= 931, 1 ZF}E Table 5
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Table 5. Root concentration (C,.y), root concentration factor (RCFs), shoot concentration (Cgpo0;) and shoot concentration factor (SCFs)
values of Pisum Sativum uptake of phenanthrene in contaminated natural soil after 4 weeks

Cooil (mg/kg) Croot (mg/kg) RCFs Cihoot (mg/kg) SCFs
26.41 11.90 0.45 1.28 0.05
47.03 33.57 0.71 297 0.06
58.13 83.96 1.44 15.13 0.26
88.83 90.16 1.01 30.69 0.35
138.8 99.75 0.72 48.83 0.35

Table 6. BSAF of plant parts in phenanthrene contaminated
natural soil after 4 weeks of exposure

BSAF

Part of plant 0 ike plant-lipid) R’
Leaf 0.051 0.600
Stem 0317 0.747
Root 0.721 0.709

Total plant 1.367 0.858

—

of VRIS 2] 52 F5(Cron) B shoot 53

=
(Cshoot)'g E@ 9‘05 EOO]: %:—I;J ]' %7 ]'?EL')I:% é]l% %‘Zjl

5% 78I, RCF7} SCEETE &7 Jeht #euy
=2 F57} shoot 2 FEHUE & 2 &+ Ut

AEA-EY Z2 A9 (Biota-to-soil accumulation factor,
BSAF)Y= 7 dH (steady state)oll =232 W] AYA|
ATolME AES or)) U LF9E4Y =9 EG
LHEA] FE vIE uldH(Markwell et al., 1989;
Connell and Markwell, 1990). o] ER) FEH9]
AER FAEe LE9EEY] HES e AHEH
A3 H7EE st F8%E WSl BSAF(kg soilkg
plant-lipidy= okl 4 3y ol&sto] AL 5 Ao
(Bade et al., 2012).

p
-

C

Cplan/ﬁipid _ “plant—lipid

Bsar CooitToc Csoc ®
A7IM G 2 FRICRE], =71, SO 2 9EEY]
S (mg/kg), Coirs Ed) e9=He &5 (mg/kg), Siipid
AR AW §, L= B f7IRAE T, Coan
e e AE el 7ek Ae) ed=He] F
S(mgkg), Coe= 718 el 7RI ESR 2 9&
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