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Characteristics of Atmospheric Particulate Organic Carbon and
PAHs in Chuncheon during Cold Season
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Abstract This study was conducted to identify the concentration characteristics of organic carbon (OC) and polycyclic
aromatic hydrocarbons (PAHs) in PM, 5 in Chuncheon, Korea. Average PM, s concentration was 25.1+15.1 uyg m™3, and high
PM, s episodes exceeding 35 pg m~ were observed in December and January. OC/EC ratio at the study site was relatively
higher than in other region, and the contribution of secondary OC (SOC) to total OC increased as OC/PM, s fraction increased.
In addition, SOC concentration increased as wind speed decreased. These results suggest that low wind speed in this city
causes atmospheric stagnation and possibly promotes SOC formation. Average SPAHs concentration was 16.7 ng m~,
showing clear seasonal variation with much higher values in December and January than in October. Pyrene generally
showed the highest contribution; however, PAHs with high molecular weight including Indeno[1,2,3-c,d]pyrene, which are
predominantly emitted from mobile combustion, were enhanced during high PAHs concentration episodes. Diagnostic
ratios of PAHs determined that combustion of solid-fuel such as coal and biomass was important throughout the study
period; however, some samples showed the significant effect of mobile source.

Key words: PM, 5, Organic carbon, Polycyclic aromatic hydrocarbon, Secondary organic carbon, Diagnostic ratio

1. = 2 YApEG ofy gt th7] oA A EE 22 YAt
E ZgoH7| ool uf-$- thefet JEo 2 FAE o]
QAT PM, ;0] 8 TR A, g4, o



https://crossmark.crossref.org/dialog/?doi=10.5572/KOSAE.2022.38.6.882&domain=https://jekosae.or.kr/&uri_scheme=http:&cm_version=v1.5

FES 2ostE £7]0] AR {74 (organic
carbon, OC) & F7]€t4: (elemental carbon, EC)©|™,

o] ool mlEFoR FEAE So] ZATTE B

S ECe =94 2ol s ti7] S22 A4 v
= 17 LFgEA W, 0CE A9A E= A
A HiELolA 24 wiE== 12F {7124 (primary

=

organic carbon, POC)%} th7] FoflA| 4t&it-g-S A
2] A== 22} 57184 (secondary organic carbon,
SOC)2 FEFt}(Sandrini ef al, 2014). OCE 1|-$¢-
thgRt Shekg o= o]folA glon, dF= =40
=2 Zom dHA Stk o FEESkae 4 (poly-
cyclic aromatic hydrocarbons, PAHs)= 27 ©]/+9]
1A S 7AW a9t AR o]fojzl {7]8}
Eo|t}h. PAHs= & Agh A58 22 3M4ds
= ZA9] B A4 FollA siEEH Al HA
Teb/dol lrtar el izl diz7| e dE4
o|t}, u]=+ 8733 (United States Environmental Pro-
tection Agency, EPA)O A= QIZto|A| 28 FF=
vAl= 18871 a7 =2 & 16719] PAHsE o
A|Z3 T} (Shin et al., 2022; Gao et al., 2021). 3] benzo
[a]pyrene<> PAHs F 7P 73t 5/ Uehw, =
A|&AT4 (International Agency for Research on
Center: IARC)®f| ©]3]l benzo[a]anthracene, chrysene,

W &

ol
=

indeno[1,2,3-c,d]pyrene, benzo[b]fluoranthene 59
PAHse 7ML F=oA &2 fdols 242 &
FE At PAHs= 34 R7133HE (semi-vola-

tile organic compounds)2 7t E= YA AHZ o
7] ol EARMT. AR2AE PAHs= =2 571942
2 Qg F=2 7Aoo 2 A5t Hhd nExEF
PAHSE QA A2 EAlskels Aol Zsict
PAHS] 7h2 ) Bl 259t o] QA B

o] Fkof oo 2A FFE WH=th(Sun et al.,
2022; Yu et al., 2021; Wang et al., 2013). Bl&o] u}
A F2 HjEEE PAH ofohEo| thEd|, dyhA
O 2 57f o)4He] el E 7HAl= ALEARFS] PAH 4
w59 FEUt 2oW AEA wiEe J el A,

A 5 2Ad=m daoAdE 2, 3719 WA E

Ha

]

QUXIAF S7|EtA 3 PAHS| 5= EN

883

7H] AEAFS] PAHs7F thF o & HiES T U
#] )t} (Grmasha et al., 2020; Kang et al., 2020; Han
etal., 2019; Lee et al., 2010).

Aol sk, M&e] ti7] & PAHs §E
20024 26.6 ng/m*| 4] 2018 5.6 ng/m®2 A 7
SFITH (Kang et al., 2020). 424 PAHsS] =4 b}
Qe A, vhol oul s A B AHER} w77l
oz BAsgon, 1 5 A5 o] en
A 22 Aol A o] F7 e ofFefl ot
TWHE]| T} (Kang et al., 2020). =2]9] H-¢,
Z=9] Beijing? Shanghai A|golX= A A4
200 ng/m® ©]4+2] PAHs 55 H oo, A[7to] 2|
94E ftA FAE Holil 9t (Hayakawa et al.,
2020). Beijing®] PAHs A3 vjl&¢2 2 et
Hrof] o]gt ggFo] %111, Shanghai @] 73-¢- AF52} v 7]
Zp2ol G771t w2 Ao 2 RAE AT (Hay-
akawa et al., 2020).

FHE EHL OE Aol vls) SR 29
o] Aom, A7 A= dA o] nHHAef of
S AF7F BT AAolth CAPSS Ahmof waw,
=A19 PM, 5 HIEFE oF 230 (H]
3
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al., 2020; Byun et al., 2018). $-&|UztoflA Fdth=
Frolt7 = A S8l BA EHEHE 9FF T o
HFFS BFSt4=4-2] benzo[a]pyrene> WHOZ} A
e 1 HEARA, FUlA HiEE FE0t
9] 7122 zTjete vlgol e A ek
=Uloll= sie L F=d 9 wiEs]-87]Eol Hi7)e
A71zo) glom 9ol Ae dresE AnE
57} 0.25 ng/m®, WHO 7| 0.12 ng/m*$3tt. 2016
9] benzo[a]pyrene ‘F k= A o] vl FASHI L
L, si@] 7|E= 2shs A1 o] Wittt ti71eE A
w0 ofsial, 24 AAE 274

& FAH7ISAE T M B2
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P 21 et Tk o AEd
W PM, 0] WL wekshr] gl f7lEh4 9
PAHs9| EAS ¢o ]' 12} SFGIL} £349] PAHs 5
Sefutet 9l Sopalope] e
Aol S-augH oq;L Ao} w]mstel, £10] =4
2 ANt} stk AT7IKES PM, 59} PAHs 31
SEoh WWe Uehhe Fheat ASR B4
o e @ AEAeks BE 254 @ AFE
Aol 4 o] PAHSs 54 Tt ATH B PAHs S5 T
o)t g 4edshs b 718 Ao peker,

,EI

2. 4% Py

2.1 A=Z2xfF

PM, 9] Al e E3A]of 91219 Zhdist
o AAvsteiel 25 /4ol 4] 16.7 Limin %]
2F 7] (FH-95, Andersen) 3t o]-835}o] Z|FH sttt
(PM,; A5k 548, OC ¥ EC 248, PAHs &
A8, 20184 10 29 R E 20199 19 347HA1&=
71A17F S0t AQF5EH L, 20194 19 5LHH 19 30
7= 24A7E0 2 ZFSHITE PM, 5 A5
742 37 mm Teflon BE]S AR5}, OC, EC ¥
PAHs AFHE YA E= 47 mm AT E (Whatman,
22 um)E AHESHATE AHE A Y E = funaceE
o]-g-5}of 500°C°1V1 2447t B A A 2sto] HES

O

% e R71ES AAGAT AA G Dol U
ol SOlR ut MLS AR Aefell A A= A7
A7) -20°C WEINA Baskele. A2 A7

A3t &, WeE 37 A7171 (2Us00)E AH8-5He
BAZNE AAT & HEFATE 10720 3FetA]&
(CP255D Sartorius) 2 FAE AT PM, &
AFR Hel= fEH 4o Hof glA|A e oA

12413t o Ht & =2 Ao, A7 A& A% A

WER Holgd AgEEE 8 19 o

B3l 652oto] 24 irfo] Wil 5 mLo| ofA|ELt
O] Ed (acetonitrile: ACN)E B2 &, 2230527]
(PowerSonic, 520, SHAH|T)E AMRSHY] 3087F =
22 25 MRSl 25 B
£ 714, PTFE syringe filter2} Teflon syringe= AHE
sho] of ket & A A sZ27] (Turbo storm, SINCO)E
Agste] 1 mLot HES SEs AT SEE ARs
2mL Hpo]Fof| %A il ACN 0.5 mLE AR8-5t
AL 9, mini-Vap 6-port (SUPELCO) E4 557]

€ AHgste] 2F 0.5 mL7HA] F=3Hlth

T

0.2 um pore size

2.3 N=EN

H Lo A= Anthracene (Ant), Fluorene (Flu),
Phenanthrene (Phe), Fluoranthene (Flt), Pyrene (Pyr),
Benzo[a]anthracene (BaA), Chrysene (Chr), Benzo[b]
fluoranthene (BbF), Benzo[k]fluoranthene (BKF),
Benzo[a]pyrene (BaP), Dibenzo[a,h]anthracene
(DaA), Benzo[ghi]perylene (BgP), Indeno[1,2,3-c,d]
pyrene (IcP)S E&5H= 13714 PAH £-& E4 5}
Ak 55 & A4 9 AZS 95t waters A9
HPLC-UV/FLD (Waters 996 PDA @ 254 nm/Waters
2475 FLD @ 340 nm (ex), 425 nm (em))E AH8-5}%)
t}. 137}4] PAHs % Flu, Phe, Ant, Chr2 UVE AHS-
5ho] BAI519] 2, Flt, Pyr, BaA, BbE, BKE, BaP, DaA,
IcP, BgP= FLDE AME5HY] 24T (NIOSH
5506; Sen et al., 2018) (3 1). HPLC columnC 2+
ZORBAX Eclipse PAHs (4.66 X 250 mm, 5 pm particle
size, Agilent)& AFH8-5FITE HPLCO| o] 54 &2
ACNT} 2445 AFESHQITE 1 mL/min®] §&0=2
52 Zob ACNTF 245> H&S 50: 5008 B8%
T, 2527H] ACN] H[-&o] 50%°lA4] 100%7} ==
£ gradient elution ?F ¥, ACN H|-&°] 100%<! A=
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Table 1. QA/QC for PAHs analysis.

2t 72 UK F7|EA & PAHSO| 55 £4 885

Compound R? DL (ng) RSD (%) Recovery (%) Detector
Fluoranthene (FIt) 0.9966 0.09 1.9 779 FLD
Pyrene (Pyr) 0.9969 0.11 2.1 81.3 FLD
Benz[alanthracene (BaA) 0.9970 0.07 1.6 76.5 FLD
Benzo[blfluoranthene (BbF) 0.9963 0.03 2.0 76.0 FLD
Benzol[klfluoranthene (BkF) 0.9963 0.04 13 76.0 FLD
Benzolalpyrene (BaP) 0.9960 0.12 1.7 68.1 FLD
Dibenzo[a,hlanthracene (DaA) 0.9948 0.18 1.8 83.0 FLD
Benzo[ghilperylene (BgP) 0.9969 0.48 1.4 83.1 FLD
Indenol1,2,3-cd]pyrene (IcP) 0.9905 0.56 4.5 92.1 FLD
Anthracene (Ant) 0.9972 0.47 1.3 87.9 uv
Chrysene (Chr) 0.9925 0.25 1.3 94.3 uv
Phenanthrene (Phe) 0.9943 0.42 0.4 74.2 uv
Fluorene (Flu) 0.9962 0.47 2.3 96.4 uv
ol A 2027 EFT 1% 582 S ACNS H[&  zpe] 3u]E Fote] ot 2t

©] 100%°1 A 50%7} = E=
102 <t F- A A AT

gradient elution 3|51,

OCS®} EC= NIOSH (National institute of Occupa-
tional Safety and Health) method 50402 7|23

] X

=
B
iy
r\=l

] 10 ng-Q] PAHs 58

2} (relative standard deviation: RSD) o

® A8 d4s0s 53l 23kl g pue) =
of HFg Uil Adstdrt s4ee 29

og Arlstol AEsH 5

AR A
A
1

TOT (Thermal Optical Transmittance) ' 22 E4
SITH(Oh et al., 2018). 7FeF3], 1.5 cm? A2 WA
EtAEA7] (Carbon Aerosol Analyzer, Sunset labora-
tory Inc., USA)oll S£QI5}ted, 112 (0C; 840°C & EC;
870°C)°llAf A4 f-7of w2k 0C B ECE 242} CO,
2 ABIA)7| 2, THA] CH,O. 2 FE 3Hsto] o]

°351AZ7o o8 A, A2k BAsIAL glo)A] E
T8-S o] gsto] BAE oI 6;&51 OC ¥ ECE
PRSIt R EFEZ Q] o] (sucrose) ol 23]

== U
Ui EF27 (CH,)S HE=S Felotglt 1 2
3} TCO] BT 1.0% o] EAE G0, HA| ]
=29] 10% 5 A2t EAste] AUEE Ao

2.4 HM=2[(QA/QC)

PAHO] HA=AI2 5719 ThE s=2 SI4E B
F89H (5~300 ppb)& ©]-g5to] 2atget. 7h A

7]
QAE] gt ARTHY R2 G B oﬂ P
A}, AE39HA| (detection limit: DL)+=
ZH(0.1 ng) & 5% WHE =A5}o] g

u}i
O_u —
JH
N
B
B

3.1 PM,s & EtAME Sk HO|

2018 102 545 F 20199 1€ 30L71A] 2| F g+
Z A= 74 39700]th A1717T 53t PM, 52 B
T FE= 251 pg/m’ 2 UERE oW, 19 7Y =2
B S (35.9+21.8 ug/m*)E, 108 7P 22 3

L (12.6£5.7 pg/m’)E HEFATE 4B+ 7%t
71% &9l 35 pg/m3E ZISH Alg = 772, B
T 1297 19 YERH 471 5 MY =2
PM,; 5EE 97.8 ug/m’2 A5 %.0H, 20194 1
4 1499 SFEHA E2 F 2 A S Ao

oEELI
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EofA oF 1.5km BojZl EAIHZ| S A (EHA F
G2)oA BIH PM,, & FA] 142 pg/m* 2.2 off
T =2 e UEhlth A1 T AP AR
© 20184 11¥ 28¥0]|% 2™, PM, 2} PM,,9] =
77} 24.3 ug/m® 2 76.7 pg/m*Z PM, 5/PM, H]
o] oF 31.6%°ll EFoFATT.

713 Bt ocet ECO wxE 72t 63429
9 1.0+04 pg/m’2E SHE 00, OC/EC H]
£9] W2 6.6+2.8 (average of ratios) = L}EFSTE.
OC®}EC 257 1] 7Hd &2 555 H3A 104
o 7Hg 22 s E HAAT PM, e FEET
4 Hol= UrE’rLHZ] A3NTH(E 2). PM,5 5 OCT}
X}Zﬁh l 2 26.5%= UrE} © 1, 9%~59%7}F4]

B o] 1 % Els PMzsoﬂ gt ocel 71oj&xt
OC/EC H- &2 Hytx o2 gautet f Ao} =+
Q] A K} &7 et AL, 91, T3 ol 5
o] g} Z|jo] ATte} HlWatHS w, B AFofA &
AH OC/PM, 5= AR =4 #ESHUH(E
3). 2 AT 7|Zte] 7HeT AL wetEo] 2 H A

Table 2. Summarized results for PM, 5 and its carbonaceous
compounds (Units of PM, 5, OC, and EC are pug/m?* while con-
centration of SPAHs is in ng/m?3).

Month PM; s 0oC EC OC/EC YPAHs
Oct. 126 43 0.67 6.4 4.12
Nov. 229 6.3 0.77 8.2 1.8
Dec. 25.9 6.8 0.90 7.6 25.8
Jan. 359 7.2 13 5.4 209
Average 243 6.2 0.9 6.9 15.7

¢l H WS 17 = o9, dutAlo g o 5d 2%
0C2] B4 o= PM, 5ol gk OC9] 7]of&o] o}
k= A& 1251 (Cho et al., 2016) &342] OC
9 PM, ol tiet 71o&-2 dde] =2 Ao
wetEh B ECO] B W Wog UL
(%3 ) w2bA] OC/ECE] Hl&-2 =30A 35| =
Al BEE A 2 A4 8w E9] 739 OC/ECE] H]
%o] 1.0~42 AE 2 27 Agd4 vj&o] AL
2.5~10.50]™ A 42Ee] A% oF 77012 A
25} (Choi et al., 2022; Haque et al., 2019; Cheng et
al., 2010; Sandradewi et al., 2008; Schauer et al., 2002,
2001), =342 AHFAE] 7]ofgo] YA 72 2 A

=A% EFSEAL 22 OC7tF a5 = A& Al
AFR

A PM, 59 Als ot RIHSHA et 199
OC/PM,59] Hl-&-2 7 210 (21.5%). PM, 5]
FE7F 7P @2 10900 7P & OC/PM, 5 Hl&
(35.3%)= UEHHTE PM, 9] 5&L2F OC/PM, 59| H]
& Atolof] F-2JF 9] 4 (r=0.50, p-value <
0.01)°] EAstH o™ (19 1), o= 7H A=E
AoflA AEE PM, 57F AFEE ol 0C] 719 %
FAglth= AS ofnlgtch. &6, 2vet &
9 oot vl WS wf F39] PM, 5 Fkol o
C7t A=A F83t FFE n|A AT, EH9]
&2 PM, s7F Y-S tl= PM, 50l tigh OC2)
7]of&o] Atk ZE ofn|Ritt

AA A47|17F F 0Ce} ECo] AP TAE =4 Y
BT (P =0.624) (1H 29] 94%). 7FF ¥ 0C/
EC H| &S K3l 47]9] A=) thet -+ OC/EC H]

N

R X H)v
o & g

tr

Table 3. Comparisons of concentrations of PM, 5, OC, and EC with those reported in other studies.

. . . PM oC EC OoC/PM EC/PM 2PAHs
Location Sampling period (pg/;f3) (ug/m®)  (ug/m?) (%) 25 (%) 25 OC/EC (ng/m?) Ref.
Chuncheon  2018.10~2019.01 25.1 6.3 1.0 253 38 6.6 16.7 This study
Seoul 2018.01~2018.12 23 4 0.7 17.4 3.0 5.7 5.6 Kang et al., 2020
Incheon 2009.06~2010.05 41.9 7.9 1.7 18.8 4.1 4.5 9.7 Choietal., 2012
China 2017.11~2018.02 53.6 12 6.3 224 11.8 1.9 11.0 Wei et al., 2019
Iran 2014.02~2015.02 384 7.8 3.6 20.3 9.4 2.2 10.1 Arhamietal., 2018
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Fig. 1. PM, 5, OC, and EC concentrations during the study period (left) and the correlation between PM, 5 and the percentage
of OC to PM, 5 (right). In right panel, PM, 5 is expressed in logarithmic scale because one sample (obtained in January 14, 2019)

was particularly high (97.8 pg/m?).

0.7 1T

061

05—
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0.1+

0.0
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Fig. 2. Correlation between EC and OC concentrations (left) and the relationship between SOC/OC ratio and OC/PM, s ratio
(right). In left figure, the blue points represent the samples used to estimate the (OC/EC), ratio. Please note that two PM,

samples less than 8 ug/m> were excluded in this data analysis.

&5 13 HiE Yol A 8l EE (OC/EQ),; = 7HITE =,
Turpin and Huntzicker (1995)7} A2 AAIgE o <]
A1(1), ()2 12} OC (POC)&} 23} OC (SOC)ZS A4t
sttt

POC=a+ECx oc ), (1)
=a EC P
sOC=0C,,- POC (2)

o]7] A, POC, SOC 181 OC,2 ZZ 12} 0OC,
22} oC, 28|11 £4H 0C9] s=5 HEhH, (0C/
EC),= S4HIE Yol Al #iE% OC/EC H-&-& Ut

Wk 41 (1)9] a= HAA HiEHolA #ilEE OC
onfsh=d], & A+ 717to] 7R A&H o] uf
of H|AA HiEY, & A viEdlA #iEHE oCe
FASFATH(Kim et al., 2015; Castro et al., 1999; Tur-
pin and Huntzicker et al., 1995). & A4 (OC/
EC)y= B AR the 8 418 ALtEglir
(Yoo et al., 2022; Wu and Yu et al., 2016; Lin et al.,
2009), EF EAJo]l H]of &3] 2p=F Ao o3t 7o
£o] ¥7] Yo & wEth(Choi ef al., 2022; Park
et al., 2016). FA% POCS} SOC?] ‘Fkt 27} 4.0
+1.5pg/m’ U 2.4+ 1.8 pg/m*=2 YERE, POCT}T A

Mo
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Fig. 3. Negative correlation of WS on SOC concentration.

0C9| °F 63%E #A[5t3th. A5 PM, 7t 57
7709 A& F 47 A|ES] POC/OC H-&-S 47%~
57%= YERT 9hH, 20191 1€0]] THEH L 2] 374
o] 1%L PM, o|HIES] T3k POC/OC H] &L
82%~88%% et} =gt 2fo]lS Bt ES
PM, sl tH3t OC2] 7]of-&°] == mji= POC7} ofd
SOCe] 7|7t & Ao et (11 29] &
). 5, 0C9] F=7F PM, 50 ol 2 F&= 1A
£ A9l poCrt ofd soc7t 4 991l Ao
2 mjolH

EF 2 AFA SOC T T4 (WS)F FF3ish
AFTHA (r=0.65, p-value <0.001)& LFEFCH
. 342 PM,; OC,EC ¥ Pocﬁ}h nE &

mlo
lo t

[
o
@

b 2o] Aol UrE}‘;kE} 1
SOC AJgo] &Esfzitt= A2 oJnlshH,
T M= AmE 4= Qlct(Liu ef al., 2020). %
Ao PgElo] glo] AF FT&ol W
TAolH, B A7t Fete] Hat 452 0.8 m/s°ﬂ
%ﬂb‘}sﬁi} 2 717+(2018 10 54~20199 1Y
)9 A&} 13 0] Hit T4 ZH2F 1.6 m/s, 3.0
m/sE YEPTH(71/878 =), &, B Ao Hlsf &
Ao & FH2 50Co] S ZXIA7IH o] & <l
3 249 %2 OC/PM,5 (¥ 2)7} PEEE= Ao7
Tk BHA, 2 o4 SOCe] s Hkoh=
o] gl

o AT 4A Lo
Mo o o & rob

He
ﬁ

3.2 PAHs?| 5= £4
ATF713E ] S PAHs
ng/m’E HZESIE ¥ YPAHsO| Tk Hol=
PM, ;1 OC®] g Hojof| v 2A YRt 10
Yo W Y PAHs O Sk 4.1 ng/m*ef B30
U 1293} 19efli= ZH2F 25.8 ng/m® 9 20.9 ng/m® S
2 37 7V HH (& 2). £49] PAHs 55X = E}
A3} vl wsto] v A £ Ao Uehtot (&
3), PAHs ‘59| Ao} Aok e =std
oA Tl &2 FE7F SAEHAHIE &
4= gl
HA 127} 37] o5kl F-& A-EAFF (low molec-
ular weight: LMW), 47H?_] Z2 ZFEATF (middle
molecular weight: MMW), 12|11 5~670¢1 &2 11
BaeF (high molecular weight: HMW) PAHsZ}1 A
Stgle o, A A771%F EF MMW PAHs7F 71
E2 55 HEHlen TPAHsO| of 48.2%E AHA]
SHATHe 4). B3] Pyro] SEL AH AT
ot 5.0+4.1 ng/m’ 2.2 7P =7 YERGTE HMW
PAHsE= o 41.6% S ZAISHAL (1H 4) HMW
PAHs oAM= 1cP7t 7F =2 5% (3.3+3.8 ng/
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Fig. 4. Concentration variations of LMW, MMW, and HMW PAHs with XPAHSs. Blue dotted line indicates ZPAHs concentration
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(USEPA, 1993) ¥ CPAHs9| H=x 1299 713
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