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Recently, long-range atmospheric transport (LRAT) from China is regarded as a major reason for elevated
levels of particulate matter (PM) in Korea. However, local emissions also play an important role in PM pol-
lution, especially in large-scale industrial cities. In this study, PM samples were collected at suburban, res-
idential, and industrial sites in Ulsan, Korea. Polycyclic aromatic hydrocarbons (PAHs) and heavy metals were
analyzed, and a potential human health risk assessment was conducted. The concentrations of PAHs and heavy
metals in total suspended particles (TSP) increased during high PM,, episodes, and backward trajectory anal-
ysis verified the influence of LRAT from China during the high episodes. Furthermore, the concentrations of
PAHs and heavy metals in PM, 5 and PM,, at the industrial site were higher than those at the residential site.
The risk assessment of PAHs and heavy metals in PM, 5 suggested no significant health effects. The highest
levels of PAHs were measured in the particle size of 0.32~0.56 um at the residential site, and those of heavy
metals were detected in the particle size of 1.8~5.6 and >18 pm, reflecting different major emissions sources
for both groups. On the basis of this preliminary study, we are planning long-term monitoring and modeling
studies to quantitatively evaluate the influence of industrial activities on the PM pollution in Ulsan.
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ARA7T 2kske] A4 (International agency
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M PR FEEE 7SR 23 ool tisiA
T2 IS 710)aL o, 1Al flsiA xpdellM=
A e g f3 7] 29 =2 (Hazardous  air
pollutants: HAPsYS- FE3jof sit},

HAPsoll = st edEdo] x3s]o] ledl, 7F3
g4 £ oghaEelslrA(Polycyclic aromatic
hydrocarbons: PAHs)¢} F34:¢|tl. PAHs= F 7l ©]
ol Wk 388 7R BE A, AHEa sl
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2.1. A =xHZF

2 AFeMs Al 7R AR o] AEAIFHE A
AlBFA T Table 1). AHEl 12 RAHA] LEEet Ass
71788 RUHH, AH 25 FARGH FERE 2y
HH, Al 32 mAHRA] )73 RUEH tig W&
olth. Al 1= 2287 7] AlEA1F 7] (High-volume
air sampler: Hi-Vol, HV-700E Sibata, Japan)ll 324
SZE(Glass fiber filter: GFF)E &35l & Hi o
A (Total suspended particle: TSP)Z |F3I3ch A&
AF Aae wXG] 24HEred I s
S SPdolslen, A 717 3%, Alwe 71 2 F
Sk AFHsIATE TSPE AAS 717k PM,, PM,; &
=7t 3ANEE 23 GPMy 75 pgm®, PMyg:
35 pgm’)e TEE 7|70 R, 2] e S A%
T 7|17k 2 HAAREint AR 298] A, FARAGH ¥
=] GellA HiVololl PM,, U2E] (Particle size selector
rectangular PMj,, Sibata, Japan)?} PM, . % Z/E](Par-
ticle size selector rectangular PM,s, Sibata, Japan)E
A28t PM,p PM, 5 AEE 8T FAAY
A BT e PR IS BAIH IS4
7} ARG ofgF st Sdo|n, FUAT AlEAH
2w Al W EAH71S 4] GRAtHA]
28 HAE SAgolth Al 30X ARG v
A2 # 71 (Micro-orifice  uniform  deposit  impactor:
MOUDI, 120-R, MSP Corporation, USA)E A1 x]3}
1709 mAEA] 9748 > 18 um, 29 10~18
um, 3%k 56~10 pm, 4% 3.2~5.6 um, 55 1.8~
3.2 pm, 6% 1.0~1.8 pym, 7<: 0.56~1.0 pm, 8
0.32~056 pm, 9 0.18~0.32 pm, 109k 0.10~0.18
um, 11tk < 0.1 pm) AEE AHASACE FAHA A
B3 AH-S Fig. 19 YepiAH

2.2. AEEY

PAHs®} T5455 7|38 ol F38l] &

Table 1. Information on three sampling campaigns in Ulsan, Korea

Characteristics Sampling day Sample type Sampling volume Sampler

Case 1 High PM,, episodes May 7, May 9, May 30, 2017 TSP 1007.9 m® Hi-Vol
Low PM,, episodes Jun 15, Jul 5, 2017 TSP 1007.9 m?® Hi-Vol

Case 2 Residential area Oct 26, Oct 29, 2017 PM,y, PM,5 1007.9 m® Hi-Vol
Industrial area Nov 7, 2017 PM,,, PM,+ 1007.9 m? Hi-Vol

Case 3 Residential area Oct 29, 2017 11 PM fractions 432 m® MOUDI
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Fig. 1. Location of three sampling sites (suburban, residential, and industrial) in Ulsan, Korea.

A3i3ith. PAHs w415 sl GFF 1/2 Al&el tiAE

=23

<& Z (Surrogate standards: Naphthalene-d;, Acena-
phthene-d;,, Phenanthrene-d;,, Chrysene-d;,, and Pe-
rylene-d,)S 7kt &, Aol Yo &) (Hexane:
Acetone=9:1) 350 mLZ 2077F FE3IAUE F= A
HE TurboVap I (Biotage, USA)E ©]-8-3} 53},
A7 A-A30°C, M7 24 HEl7H 5 g, TS
AHEF 4 o= FABKTE AlEE Al ¥, 9
b 20 mL2 SEA1AT A 5% 20 mL Ak
Aol AMSEA] kAL, F WA -85 (Hexane:Dichlo-
romethane=9:1) 70 mLE Svfet Sk wholA
TurboVap 19} F4557](MGS-2200, Eyela, Japan)&
ol-gsl 05 mL7HA] 5 ¥, GC ule|L(vialll &

o} mxEte 2 YR ¥ S5 (Internal standard: p-Ter-
phenyl-d;,) 50 ngs ¥ ¥, 7IA AR ET /A
F-217](Gas chromatograph/mass spectrometer: GC/MS,
7890A/5975C, Agilent)E ©]-8&-at] ATt W=
74X 53 (US Environmental Protection Agency: US
EPA)S] XTI HER 165 5 3do] staL, vt
Bt AgolX 29%7] 41 Naphtalene (Nap), Acena-
phthylene (Acy), Acenaphthene (Ace) 35S #|<|3
13% Fluorene (Flu), Phenanthrene (Phe), Anthrac-
ene (Ant), Pyrene (Pyr), Fluoranthene (Flt), Benz-

[a]anthracene (BaA), Chrysene (Chr), Benzo[b]fluo-
ranthene (BbF), Benzo[klfluoranthene (BkF), Benzo
[a]l-pyrene (BaP), Dibenzo[ahlanthracene (DahA), Indeno-
[1,2,3-cdlpyrene (cdP), Benzo[ghilperylene (BghiP)<
BASII0E Ae 98 5o PARAE wEEA
(Calibration standard: CS)< 10 ng/uL, 50 ng/uL,
200 ng/uL, 500 ng/uL, 800 ng/uLZ ZA|3}SIt}. H]E
&4 (Splitless) W4 2= 1 uls GCl FUsil, &
F(Helium)e 2971312 ARSIl mL/min). 5A|
# ZHDB-5MS, 30 m x 025 mm, 0.25 um)S ©]
|319eH, GC 28 &2 2712 o3 2t 60°C
(13E)~>10°CAE—320°C (5). °] 54 E=(70 eV, 230
Cyg AM&ate] AlEE o]23l8l31aL, A o] BUH
2 (Selective ion monitoring: SIM) Wrg o2 EA At
ol g A&

SF4 B9 79, US EPA 10-3 Wil =3}
7] IPE AEE FAwEsiitt GFF 125 BlIEE
(PTFE) & §71° ¥, ¥4t 12 mLe} 4t 4 mL
2 Yo 3 ZAEE(0D-98-002P ODLAB, Korea)
2 200°CellA 120% s<t 71E Eallasith. a8 Als
£ PVC & STTollA] 302 o d2@25°0) 0= wegsh
Z, 94l (Falcone, USAYl &4 B S/FTE o83t
o

A% B9 50 mL2 REQT) o} F FEATTe)
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zn} A2 7] (Inductively coupled plasma-mass spec-
trometer: ICP-MS, Elan DRC-e, Perkin Elmer, USA)
£ o]83sl 9% TEEHMHIA(As), 7E=#(Cd), 7= (Cu),
YA®N), H(Pb), vhtHa(V), Z=(Cr), 8ZHMn), ok
(Zn)ys A3 AT S 98l 28R &
toll (Multi-element  calibration standard 3, Perkin El-
mer, USA)S 1~40 ngl = WA= ZAIB 95 =
FE5E RN 8 SEE5] AR AGA
FR2= BT 0.999 o)Al itk

2.3. Mz a2

FEaH o] =2 (Quality assurance/quality con-
trol: QA/QC)ZA 71717%3HA | (Instrumental detection
limit: IDL)9} ¥FH A2 374 (Method detection limit:
MDL)E 4Fg3i3ltt. IDLe] 739, #A15% £3589 (CS1)
< 717190 FstaL 73] v EAlsk] 92 v i
TR 3145 F3l AFEsISth. PAHse] IDL2
0.0004~0.002 ng/m®, 242 IDLE 0.006~0.06 ng/
m°3th. PAHse] MDLS 2Hg3h7] Sl £4418 thal
o] FA|E GFFel| ¥=&32 (Native standardye 35}
Ath o]F AAAES} TS HAE BAsIeH, 7
3] Wk B3] e Fo] TFHAM 3145 w3t
o] MDL& 2FH=E3tit). PAHse] MDLS 0.04~0.19
ng/m®, 344 MDLE 0.13~0.36 ngm’3ith. PAHs
o] BFEL 65~110%°10 M, HA| Het-> 84%3iTt.
FF%0 A9, FANE GFF 50 pgl 5522 &3
A 1 mLE FY3IL FAEs &, AR B} S5
. T EEY I5EL 95~110%=
Tolddnh AP v EE A st AA
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24. lsid =t

HA=E FFH o= Wrislr] fla] PM, ol -4
PAHs¢} 5245 tde= Sald H7te AAEt.
224 =AAR vloK(Hazard identification)?} &1}
% B7HDose-response assessment), Ht A =&
2 (Exposure assessment), $IaiA]4 2 2} ]3]
A= (Risk characterization) 0.8 9siA H71E AA
SFATE® US EPA, IARC, vI=H4H] 914871 3] (Ame-
rican conference of governmental industrial hygien-
ists: ACGIH)PIA AASE SX4AHRE Table 290 AAsh
At BAUEEE FoA S§FHEHILE Fe 54
ARAFE7 H=350 US EPA IRIS (Integrated risk
information system)°l] P]E-FE =L 3|4 i
A A=A L QA =E 3 (Life average daily
dose: LADD)S 2] (1)@} 7+o] =%=(Concentration: C),
29 F&E(Inhalation ratio: IR), =% 717K Exposure
duration: ED), =&%1=(Exposure frequency: EF), |
Z(Body weight: BW), 71ti<4"8 (Average time: AT)S
2 Ak SEEA0= S-S WUk Sl Cry-
stal ball (Oracle 11.1, USA)S o]&3l] EE|7TISE A
EeoldS FH3IAthY mE2elxel w2 AR AL
3R felsisted AR Al18xl W A4l HA 4
@+ 7158 Wsith AR g Aorng vEE v
o= Esy, 4 $F5EMean: 13 m¥/day, SD:
09 m%day)=} % Mean: 62 kg, SD: 88 kg)>
(Normal) #¥2, =ZW%Max: 3659, Min: 180,
Likeliest: 3459 )= 4F2H(Triangular) EX2 Y51

o

bt

_ CxIRxEFxED
LADD = —BWxAT @

ZIoo)a) i (Excess cancer risk)E AF4317] $13)

Table 2. Toxicity data for PAHs and heavy metals classified by carcinogenic and non-carcinogenic properties

PAHs PAHs Heavy metals Heavy metals
(Carcinogenic) (Non-carcinogenic) (Carcinogenic) (Non-carcinogenic)

BaA Chr BkF BaP IcdP Flu Pyr Cd As Cr Zn

US EPA B2 B2 B2 B2 B2 D D Bl A - D
IARC 2A 3 2B 2A 2B - 3 1 - - -
ACGIH A2 A3 - A2 - - - A2 Al A4 -

Mz:gﬁltar 2283 2283 2523 2523 2763 1542 2023 1124 749 520 654
Unit risk?” 1.1E-04 1.1E-05 1.1E-04 1.1E-03 1.1E-04 - - - - - -
Inhalation " 505 00525 0525 525 0525 - - 00018 00043 - -
slope factor?

RfD?” - - - - - 0.04 0.03 - - 168E-06 0.3
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LADDel| 78 E2¢] @bl 3 (Inhalation slope fac-
toryS Fakth vEe £29] 7%, LADDe| 35 =
% Z3x|(Inhalation RMD)E Wro] Y8iA=Hazard
quotient: HQ)E A4St US EPAE E-EZS]
54 QIBIEE 1.0E-0622 Aok, vjgE o
giEiiE 71 SBiAE 12 A3

3. 4nt o n

3.1. OMHX| sz} XMsT 7|7 DLE> A1)

HER] EEet AEe 7|17k TSP wks 2t
1323 pg/m®s 44.6 pg/me|Ak. ABFAA RAZEA
FLelA ABE PMy @ PM, 0 BEE 5%
74l 1015 pg/me} 395 pg/m’Ai, A% 7174
34.2 pg/m®s} 20.1 pg/m’oIUtt. L= 717k PM,,
3} PM,; T 3% 7159 UHF 75 pgm’e} 35
ngm*s Z7seict.

TSP A& #4] 43}, 5, PAHs F=E wA#A] 3
E5 717k 141 ng/m®, AEE 717l 027 ng/mo)
ATHFig. 2a). 22HAe X8 3R falt)7 1523
Aol 59 Bt ¥, PAHs FEE 9d%F SH a0l
0.69 ngm®, A178%F Z42olM 054 ngm’P, ¥ A
79| 3, PAHs =& %% 7170 0.82 ng/m®, A%
= 71740 0.14 ngm’Jeh. AlEAF A7 w9R Y
o= Bl nAEA] aEE 7|7blls TR )
53 0= PAHs w7}t SVt

HER] EE 717kle 2EAEREE 57 ol
PAHs (BbE BKE BaP, IcdP DahA, BghiP)e] H]&-©]
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e X

0.4

(a) PAHs

o
w

Concentration (ng/m?)
o
N

0.1 l
1
0 hn‘lli liul'
12 @ gl 5 o EIE L o <in 0
CE<tdgdéazdss i
! ' (SRR
Ring# <— 3 4 5 6 >

G o Wol wom yRAF EF| Hlgo] Er}2
, %% 7|17k IedP7) 023 ngmPe & =4 ve
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7} AEEHA eokorng, welR|oo] IedPe] AE 9
5 A ols IFY 7FsAe] Utk olF ERIEY]
e, e A 7178 R vt &) 713 (Natio-
nal oceanic and atmospheric administration: NOAA)®]
A] 7§28k HYSPLIT models o]-&3lo] d#12e Ak
stk wAER] EE 717 gl gAA ] St
wo| W} dlzle] AR FHglonz i olF
JERS Wk Ao HeltkFig 3).2 W A% 7]
Zrole A giiate] Ad F2g Tt oy A
Hoz F=ro] AhieA] JEFe AUt

ARG THE Foe AN oE vMwHA] EE 7]
74l =2 AS YeRth 53], Ase F% 717H14.3
ngm)# AEE 717H2.3 ngmP)ell e3A v o)Ak
T XolE Boloew Ni, V Mn, Zne 5 uj o4
T 2}o)E BYtHFig. 2b). 715252440 59
ACKE: 059 ng/m®, A8%E: 053 ng/m’) 2 FTH
A% 83 ngmPAY FEE E A7 AFE /17
ToF F vl xjol7t Wtk 2 ER uNwA] s 7|7
9] As FE=E 9N AAT olFe TS B Aoz
9 v, Phal Cde AR A= 7|7k 5
Tt =90th 5545358 52 Pb B et 342
ngm’2x 2 AFGEEEE 717k 163 ngm’, AEE 7]
7k 194 ngm)ET} =9kt Cd B% 9A 7525
2o 37 21 ngm’, IFE 717+ 03 ngm®, AE
717F 1.2 ngm’2 B AfoA vk FrE e
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Fig. 2. Concentrations of (a) PAHs and (b) heavy metals in TSP during high and low PM,, episodes.
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(a) High PM,, episode

Fig. 3. Backward air trajectories during (a) high concentration (three days) and (b) low concentration (two days) episodes
of PM,,. A starting height of trajectories was 500 m, and the trajectories were calculated every six hour.

o) o] ke we), 37, FRALe] MY Aolz F
), Post Cdis 474 olunt A9 oge] 9%
o ¥ =tk & 4 Ytk

3.2. FAX[nt LK H|W ZLEE AL2]2)

AR A7 IEA ] P, e 10Y 269
H 388 pgm®, 10¥ 28 A 422 ugm’= 7}t
<2 Bt FEollth PM ol e PAHsO| s
FTEA|GolA i ESkTh(Fig. 4). AAE EEG
g I A 2@ 0 o) TR
A g =2 AFS BHAAT, a8 v EF

B, dAE A
RE PAHs7} 3%H4]
Oj‘D}(Flg 4b). A PM,
PM, 5°1 :‘L—J?‘_ Y3 PAHs 5x& 72t 0.86 ng/m’,
0.83 ngm’e 2 FAAY 066 ngm?, 045 ngm®e} &
2] i Aol7k A, ol FHelA WEHE PAHs
7t FR PMyoll BEshs Ao sl ¢ grkel 2
HE FREke WES 33 AAd FtR JdF3h. &
)71 E2d=4g 2] 104 3, PAHs 55& 57 1.3 ng/

m®, 3% 06 ngm’e &2, ® A3 A3F7: 02 ngm®,
"“;]' 04 ng/mRt} Edc}. E3], Faliv)7| Ed=4g v

Fits} Pyre Ao Zo|7F 2Uvh(Fig. 4a). W, BaA  oMe F7XY0] FEAGRY Lses HIlE,
0.20
(a) PMy, (b) PM, 5 mmm Industrial site
’ mmm Residential site
& 0.16
£
g
5 0.12
I
<
[
S 0.08
o
[$)
0.04 | |
o | | | ||l| L I | |. IIII ||I
TS © =ie o o Q! @ =l I [ ol
2EETS355855ys EETECREEZREG:
i 0= @i : 0} < @
Ring# <— 3 4 5 6 > «—3 4 : 5 6 >

Fig. 4. Concentrations of individual PAHs in (a) PM,, and (b) PM,; collected at residential and industrial sites.
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(a) Carcinogenic PAHs
1.5E-8

AR ] Tl ] e =

287

BaA Chr

1.2E-8

9.0E-9

6.0E-9

3.0E-9 IIII||||
0.

1.5E-8

BaP lcdP

1.2E-8

9.0E-9

6.0E-9

3.0E-9

0%
10%
20%
30%
40%
50%
60%
70%
80%
90%

100%

= |ndustrial site
mmm Residential site

0%
10%
20%
30%
40%
50%
60%
70%
80%
90%

100%

0%
10%
20% T
30% 7
40% 1

(b) Non-carcinogenic PAHs

50%
60% 1
70% 7t
80% 1
90% 1
100%F

5E-7

Flu Pyr

4E-7
3E-7
2E-7

1E-7

o
=
]
]
=
=
=
=
=
=
=

ooooooooooooooo

0%
10%
20%
30%
40%
50%
60%
70%
80%
90%

100%

0%
10%
20%
30%
40%
50%
60%

°

oooooo

70%
80%
90%
100%

Fig. 5. Probability density functions of risk: (a) carcinogenic and (b) non-carcinogenic PAHs in PM, 5 at residential and

industrial sites.
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(Fig. 53), 7% &3 = 1.OE-060l Hlsl “3=3] &
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O F AT HWH o2 Fxqe] Q3| et FAA]
o] fafimel] Hlsl =gtom, the B HlasiA &
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71 SR 18 ] e FA7F A E e
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H3om, Mn, Pb,

q_j_ 5—Hx\4€ﬂ— ohq_ TSP
of mR7 A=, Zne] 7P
Ni, Cu 5°] H|w3 =2 ack Vi Cre F
A Qol| AW AEZESUAL, VO A T diolA F
2 HEEE Aog dExornz AasleltkR| e} Aut
o] e wgityy FHET? Cre CAt3 Gt
B2 Ol7] Foll EAlskH, 53] Crf*e 5o A3l
ADAAF 98 Ai 58 S wEET® 2y
Crf*e 373u)7] 5 w717t 24417 o)8l= Eebgst
vz 2 I o HEHE Cr oM Crfto] 24x|s}
= n|go we Aolrh

PM,s0ll 3+l A =491 Ase} Cdol flsid 3
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8% 1.OE-069] Blal Args] wre S=x)7) A
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Fig. 6. Heavy metal concentrations in (@) PM;, and (b) PM,; collected in residential and industrial area.
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(b) Non-carcinogenic heavy metals
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Fig. 7. Probability density functions of risk: (a) carcinogenic and (b) non-carcinogenic heavy metals in PM, 5 at residential
and industrial sites.
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Fig. 8. Individual concentrations of PAHs in particle-size ranges.
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Fig. 9. Individual concentrations of heavy metals
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