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ABSTRACT

Polycyclic aromatic hydrocarbons (PAHs) are organic compounds that tend to persist in environmental media for a long
period of time. This work presents a 2-year monitoring study of occurrence of three PAHs (benzo(a)pyrene, naphthalene,
and fluoranthene) in groundwater. The groundwater samples were collected from 106 sites of nation’s groundwater quality
monitoring network and analyzed by simultaneous analysis method to quantify the concentrations of the PAHs.
Benzo(a)pyrene was not detected in all samples. Naphthalene and fluoranthene concentrations ranged from not detected to
12.8 ng/L and not detected to 10.5ng/L with their detection frequency being 57.8 and 4.2%, respectively. The
concentrations of PAHs in ground- and drinking waters are not currently regulated in Korea, but the concentration levels
of naphthalene and fluoranthene found in this work were lower than the regulatory limits of other countries (naphthalene
0.001~0.07 mg/L, fluoranthene 0.001~1.4 mg/L). The monitoring result of this study revealed that PAHs exist as trace
amounts in domestic groundwater, however continuos monitoring is necessary to protect groundwater from PAHs

contamination with growing industrialization and urbanization.
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Table 1. Physical/chemical characteristics of PAHs
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ZAYEFHATH Table 2).
benzo(a)pyrene}
naphthalene®] EAHo] EAsh= AL ERIT 4= AT
gljele] 73-¢- FAFFSIF 1SO 2 "= EPA SOl Al
AlE PAHs B4 o A5E 2RI 1S09] 7%,
ISO 79813} ISO 17993 ol 7% PAHs &40l #Ax€
AL 1T = AU W= EPAS] A9, EPA 525,
550, 610, 625, 8100, 8260, 8270, 8310, 8410 method
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B A+l ZAPY PAHs &5<%1 naphthalene, fluor-
anthene & benzo(a)pyrene®] FAREY L7154 U=
3l QA/QCE AEE T AF3ISTE QA/QCE A]
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Naphthalene Fluoranthene Benzo(a)pyrene
Cas. No. 91-20-3 206-44-0 50-32-8
Molecular weight (g/mol) 128.17 202.26 25232
Molecular Formula CoHg Ci6Hio CooHy»
Benzene Ring 2 3 5
Density (g/cm?) 0.975 1.252 1.4
Melting Point (°C) 80.3 110.8 179
Boiling Point (°C) 218 375 310
Vapor Pressure (mm Hg, at 25°C) 85x1072 92x10°¢ 55x107
IARC Carcinogen Classification 2B 3 1
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Table 3. General information and sources for groundwater monitoring sites

Classification

Sources

Farming

Water

(A) : Regional Groundwater Waste
Near various contaminant sources (52)

Etc.

Agricultural water use area (3)

Pollution concern river area (2)
Poillution concern river area (2)
Industrial area (9)

General waste landfill area (9)
Designated waste landfill area (2)

Metal mine area (4)

Area near the manure treatment plant (3)

Resident health survey area (2)
Amusement park & Park area (3)
Golf course area (3)

Urban residential area (7)

Storage tank area (2)

(B) : Background Groundwater (39)

Uncontaminated area

(C) : National Background Groundwater (15)

Geological :

Sedimentary rock, Igneous rock, Metamorphic rock

7R RST 1543, A9AE $ASHY 5243
S F 1067 AFS A7GSIATH(Table 3).

>

25. X5t AlzAlF | HEEMES

g AgAFHE FALITIND7E F A8 )
7 2 ZEol we} dAsiion], @l 22, pH,
EC, Eh, DO 55 ZARBISITE PAHs A& 3= WA
S Hxslalr) Slel 4L 24 Wol AIRE 715 Ao,
head spaceZ} TSR] REE 319t BE AlEE =4
4°C oJ3lz Hasle] olFsidlon, A A= 2d 7t
(2012~20139) “71(4~69) R R7I(8~10€) 1514
& 23] AAsiain

2.6. F2 250|224
A F o Feole BHL gole ) B

ol | FEo=z F TN FEoi
Aol A EA4S- AT Yol Ca¥, Mg, Na’,
o, Fo]2& HCO5, SO, CIofth. ek 5 ol
47) = EAS standard method 3120(APHA-AWWA-
WEA, 2012)°] w2} 333130 om, 4171712 ICP-OES
(Perkin Elmer A}2] Optima 8300 and 7300DV, Varian
ARl 720-ES)E ol&siitt. Aek F Fol W =
= 304 g. Cl= 11-1]‘_—% _/;mooa;r_ﬂ;\]ab]_,__q_ =93}
o g BAsigon, B47]7]2 IC(Metrohm A}
850 Professional, Dionex Thermo Fisher Scientific A}
o] ICS-5000+)E ©]-&3k3th. HCOs = dAollA] 0.05N
HCI A& Fall 24ttt 5ol 2443= piper
diagrams- o8¢+ el AR EHel ARBEA &
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Aollxie At 2 % HARARIE A8 Ca-
HCO; type, A3l1d 2t 93-S AA|Sk= Na-HCO;
type, 1917 20| 931»\1\:: S A= Ca-Cl type, 3l
o] J3FS HWRS Na-Cl typel® HF3}lJ(MOE, 2013;
Kim et al., 2017) ZARREA| 9] Rsk +2734E H

& 55 Hlusith

2.7. PAHs A2 24
3% PAHs BAIEA] A, WA= DCM(Dichloro-
methane)S o83t o FEHoz Flon, #47)7

Z GC-MS S ARt AAE] gL WA, s

1 LE F3te] &dZu7|e] ¥ & WHEFEY
(phenanthrene d10ys Y=t} U522, Algd KH,PO,

ge 9ol pH7h oF 457} HES 24 5 NaCl 40 g&
Y3 FE50] =21t °o]F DCM 40 mLE ¥ U3 10
3 AEsHA

| £50] FaL, 7 Fo] A olHFY
Al HITHE NaSO, F7E5 oF 2¢g
A7kt s AAg w9 o2 DCMO R F
== °F 10,0008)
SRS 014‘?—*}04 GCMS +4& A4
siom, 4 %%@ o2z B 7|71 2L o
9} ZTH(Table 4, Table 5).

3.1. TLH-2| PAHs SA|EA MY H HlW % HI}
PAHs 37} @&l gk =u-9] B4 2w HE 23
(Table 2), AlE2] A A] sl=2wo]~H(HS), HA&
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Table 4. Masses for PAHs and ISTD

(PAHs, Polycyclic Aromatic Hydrocarbons) 2] FA]4]H vled Bl =2 Me) AL 71

Primary ion (m/z)

Secondary ion (m/z) Retention Time (min.)

Naphthalene 128 127, 102 8.22

PAHs Fluoranthene 202 200, 203 16.63
Benzo(a)pyrene 252 205, 126 23.65

ISTD Phenanthrene d-10 188 94, 80, 184 13.55

Table 5. Instrument conditions

Parameter Condition
Column HP-5MS (Cross-linked 5% phenylmethylsilicon, 60 m x 0.25 mm LD. x 0.25 um film thickness)
Carrier gas He at 1.0 ml/min.
Split ratio Pulsed Splitless
Injection port temp 310°C
Transfer line temp 310°C
Oven temp. program initial temp. (°C) initial time (min.) rate (°C/min.) final temp. (°C)  final time (min.)
80 5 10.0 180 10
10.0 300 16
Post Run Time 310°C, 15 min
EP&T), NN F=H(LLE), 4 IEAZ o]&3t oM naphthaleneoll thall P&T 2 HS AXZHE,

TEE'S(LSE % o]g3h= Ao RIS
A=Y F HS9F P&T W o83k A
ko 2 3F=7o] 200°C K} W& &
g %ﬂﬁ}t}%ﬂr YF PAHs 5ol A& 7Fs3s 3s
o18k 4= JAJATHUS EPA 5030; US EPA 5021). =,
T A e B Ao AREH 3F2] PAHs 3
Z AtiF o= WidE|e] 7 Aal FeFo] womn &
71%%0] =o} 39kAdo] ZJ3k naphthalened|WF 2-8-0] 715
SIEE, ofg] F79 PAHs AT AREs = A
38IA] ¢tk LSE HA2]E ©]83F PAHs w4He] 79
o] B F EPA 525, 550, 8270 methodollA] A|A]
skl A= Alo] ERIFAT. LLE HAA2)E ]85
tl—l,] 73 %LH HEE 71—}\]61-3 l-‘;_)ﬁltl]j]’ ISO 7981,
ISO 17993, EPA 610, 625, 8100, 8270, 8310 % 8410
methodell AAIE 7S 18 4= ATt LSE FAA2H
< sl AiF e R wE o] Thssithe Aol
Ao}, dxe] A gt Aulo] Algo] QHT=
o] QATHEPA, 2007). B3F, A 2A} 23}, LSE 2
LLE ZA2]7} =5 7153k EPA 8270 methodS A|2]%H
EPA 525, 550 method= &4 J87)15 F2o] Aty e
2 7S HeEe FkEo] AT 1HER, He =
] H]OH ﬂ-q]zq_i ooﬂgME }._/Ho] o ;qo}_r =3
PAHs A|59] FAREA0| 28k Wi oa AREslr|o|
RAHAe Aow gokdd 3 W, 55 PAHs 4 A,

=

J&,% ruE

gL;

N

H

benzo(a)pyrene] 74-%- LLE FXJEHE AAISL Ao}

HhA, LSE Ax2e] 7%, =W —’F? PAHs 247
A AASRAL A St webA Alge] HAE= LLE |
= ARSSIGE. LLE AAY A, AREe F28ve
cyclohexane, hexane, DCMS! A& g1 4= Ut

F28uo] AL 71E S 7% PAHs BAHTO] 4

¢

Ag mefsie] AAsIRoH, A HeE DA B4
521 benzo(a)pyrene AT AAE 13}

DCMS %%J‘?LUHE AH8-815IT

Axg] & pAHY ¥417]7]&= HPTLC, HPLC, GC/
MSe} GC/FID So] AFE-E1eH, GC/FIDE AH8-3H 7
qiidoz arske] A e AE e 2%
o] ERIFTt. HPTLCE ©]83F PAHs &4 A
) @%hz}ﬁh 0.004-0.02 ug/L 751 Ao Yeht
e AT B AEE wAo] TFsE AeE %
=y 2 7ksd %01 ool BTt 4 T/
PAHs®] FAREAe) ALg37 ol F4] fé%d Zog gk
Hth. HPLCS} GCE o83 PAHs A Hlnl A,
HPLC ¥4 A] GC £4of H|3] vk HS Bon)
Jonsson, et al.(2004)> HPLC -2 /\] % ] 1EE 34
N 7R e 41ERe B 49 dld Edo] o
£ 5] B4 oA WellEdE 28ste] w4o] of
A ol des A3ttt E=3E, Hong and Choi
(2015y= HPLCZ 01%% B 37 T BETE Ut

o rlr o
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A Alge] ¥4 A ¥4 AR sl 5 Qo
matri’} B3E Alo) B3 44 9 AREAS e
e GoMsE elgate o] Eaolk et
olefdt A& sl & AFelre BA7I71= GO/MS
g Mgt webd B Aol Amel ddes
DCME o83 AFEM e AMion, BA77|=e

GC/MSE ARSIt

3.2. FLH-2| PAHs SAIEMYH ME2IHsY HIt
PAHs 3l &5 FA] B4 Ay, 4o H3x 45-
15.6%, FEE 101.3-105.4%2] <33t HYE Hyrh

Table 6. QA/QC results of PAHs (naphthalene, fluoranthene,
benzo(a)pyrene)

Naphthalene  Fluoranthene Benzo(a)pyrene
A/QC
Cogc. Eﬁ ol) 0.001 0.001 0.010
0.00092 0.001 0.0093
0.00086 0.001 0.0091
. 0.001 0.0011 0.0099
?“g%s‘s Result 0 00094 0.001 0.0109
H 0.0012 0.0011 0.008
0.001 0.0012 0.0128
0.0009 0.0009 0.0091
Average (ug/L) 0.001 0.001 0.01
STDEV (ug/L) 0.00011 0.00010 0.00156
LOD (ug/L) 0.00035 0.00031 0.00491
LOQ 0.0011 0.0010 0.0156
Precision (%) 7.6 4.5 15.6
Accuracy (%) 102.7 101.3 105.4

Table 7. Field measurement results of 2012 to 2013 years

uhs) - 8Ed - HAA

(Table 6). & 3
5 v‘%ﬂ%‘%@ 78, 754‘5_1 LR
7} 242} 75 - 125%, +25% OMM AL ANF AL Q)
o, s1€e] 7B wl=F EPA(1999)04 4 Al A=
7} £30% oY AL diaske oz dHA Uk
(Hong and Choi, 2015). Wehx E AFo|A Hrlsk
PAHs SAIEAHE X3l F PAHs2] BA] 240 2§
7Ved Aoz dAtE.

3.3. X5k SEENESs 2 A

AN A @S RE A A Table 7} 2
ot AP A7) W Al HaeEs 20124
2 20139 25 HE](4~62)0ll BIS) 7] (8~10€ )]
gl 74—3 LRt pHe dubo g F4d) 7Pt
& B BoH, ZAL AP o3t Ajolg HolA]
%“”E} EC9} ORPS] 7, 20120l HIs) 20130
EC] Hitgke] Z71ehe A3 B2 Wi, ORPY| 4t
e ashe A4S Btk

34. X5l T8 Y S met
AR 0 59 % 59 ek 1o 4o el
011 S Hg3lo] AL AIZIE water typeS] HIES &

}9512“4 ZA7] 8 sfold telo|ags AAEI
Th(Table 8, Fig. 1). 22d 7+ ZAIIRAH ] F0 omo]
< TS ol8% Agk FEARY =2 29 &

H2 42 HRASFE AASE Ca-HCO; EFY ]
63.7%%= 71 Bol £Xah= Alo] FRIHTH

Field measurement results (Average + 95% Confidence Interval)

Temp (°C) pH EC (uS/cm) ORP (mV) DO (mg/L)
2012, 1** half 174 £ 0.5 7.0 £ 0.1 274.5 + 30.7 205.6 + 303 40 £ 04
2012, 2" half 19.7 £ 0.7 7.1 £ 0.1 240.5 £ 27.0 317.3 + 41.7 36 £ 0.8
2013, 1* half 17.1 £ 0.4 6.8 £ 0.2 3716 + 71.6 1342 + 32.8 38 £ 04
2013, 2™ half 17.7 + 04 6.9 £+ 0.1 3472 + 66.1 2212 £ 204 34 £03
Total 179 £ 03 7.0 £ 0.1 338.5 + 32.0 188.9 + 14.7 3.6 £02
Table 8. Water type ratio of monitoring site in piper diagram
Ca-HCO; type Ca-Cl type Na-HCO; type Na-Cl type
2012, 1** half 71.8%(79 ea) 21.8%(24 ea) 6.4%(7 ea) 0%(0 ea)
2012, 2" half 48.2%(53 ea) 49.1%(54 ea) 0%(0 ea) 1.8%(2 ea)

2013, 1% half 63.5%(66 ea)
2013, 2 half 71.2%(74 ea)

29.8%(31 ea)
25.0%(26 ea)

2.9%(3 ea)
1.0%(1 ea)

3.8%(4 ea)
2.9%(3 ea)

Total 63.7%(272 ea)

31.6%(135 ea)

2.6%(11 ea) 2.1% (9 ea)

J. Soil Groundwater Environ. Vol. 25(4), p. 67~76, 2020
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(A) 2012 year

ciin
sHab7)

Fig. 1. Piper diagram of monitored sites.

3.5. X5k & PAHs TRME|ZA}

2 7H2012:d~20134) ZARVIAG digk =k &
PAHs ¥4 A3+ Fig. 29} 2t} Benzo(a)pyrene 21
7F A Ao HAEF A ¥9ke ™, Naphthalene> ND
~12.8 ng/Le] EERES} HIEE 1.8ng/ll, TYE 1.3
ng/L.S RSt} Fluoranthene®] 73-%- ND~10.5 ng/L <]
o] FEEEE HYOoH, HdEkS 0.1 ng/Lo|AT}. THA,
MARZAZ]F(WHO, World Health Organization)ol| A=
2AHA] ke RS T PAHs7F YWHE o2 0~5ng/L
o ¥rE #AEE F Jon, PAHsE L8F A8k
749 10ugLS 233 v52 AS9tar Bgk v 9}
THWHO, 2011). TEgk =Wj-2] PAHs &8 F27|&

—— NO, +CI

R R R P ESV
(B) 2013 year
<.L e s = -
Ca® Na*+K* HCO; —— NO;+CI
2012 year
2013 year
100+
— 10 essAiecs .
3 -
E
o
L5 ]
0.14 et SRR
0.01 . -
Naphthal Fluoranth Benzo(a)pyrene
: Average Conc. (ng/L), -------- . Median Conc. (ng/L)

Fig. 2. Monitoring result of PAHs (2012~2013).

(Table 9)2h Ml A, & AelA] 7)E wlvte] Fw==
AESFE Zo] RN, o5 Tl £ A7l 2AF

J. Soil Groundwater Environ. Vol. 25(4), p. 67~76, 2020



74 294

-Hpds) - &5 - HEA

Table 9. PAHs quality standards in water of countries (conc. : ug/L)
US Tllinois WHO Netherland
Compounds Korean (class2) (DW Guide-  Italy Swiss (Intervention
line) value)
Water type DW  Water DV monitor- GW(Non- e GW GW GW
ing drinking)
Naphthalene - - - - - - - 0.07
PAHs Benzo(a)pyrene - - 0.7 2 0.7 0.01 0.01 0.05
Fluoranthene - - - - - - - 1
2.0 )
ONaphthalene o ONaphthalene
O Fluoranthene :; o — -
1.5 < S
Q | g 40%
= 2
=10 » £
=
] s 5
0.5 E e I
o
(=]
0.0 —. ] 0% — |
Public Agriculture Industrial Public Agriculture Industrial

® : Median

Fig. 3. Average(median) concentration(left) and detection frequency(right) of PAHs depending on usage of groundwater.

OPdAH-E 2 A3e] PAHSE 13 A3l S AFE
T olsIR] Aoz HAAE 4= )

Ak F VFH SR EAlske 3oE gjld
PAHs 27} &= (naphthalene, fluoranthene)oll thel X}~
g, 9 2 %) dul =4} A= Fig 3%
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Fig. 4. Average and median concentration of PAHs by near the sources of the contamination. (B : Area near the manure treatment plant, C
: Urban residential area, F : Industrial area, G : Golf course area, I : Designated waste landfill area, J : Resident health survey area, K :
Metal mine area, N : Crops area, O : Pollution concern river area, P : General waste landfill area, S : Agricultural water use area, T :
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