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Source Apportionment of PM, ; in Gyeongsan
Using the PMF Model

x o x| .
o o

—

3t

o

g o] X+
R

(20154 8Y 26 A<=, 20154 11€ 2¢ 47, 20154 11¢ 26 A )

YeongdJin Jeong and IndJo Hwang*

Department of Environmental Engineering, Daegu University

(Received 26 August 2015, revised 2 November 2015, accepted 26 November 2015)

Abstract

The objective of this study was to quantitatively estimate PM, . source contribution in Gyeongsan. Ambient
PM, s samples have been collected on zefluor, quartz and nylasorb filter by PM, s samplers of cyclone method from

September 2010 to December 2012.

Collected samples were analyzed for determining 17 inorganic elements, 8 ions, and 8 carbon components after
pretreatment. Based on these chemical information, the PMF model was applied to estimate the quantitative contri-
bution of air pollution sources. The results of the PMF modeling showed that the sources were apportioned by bio-
mass burning source (15.5%), secondary sulfate source (16.0%), industry source (10.4%), soil source (7.0%), gaso-
line source (9.1%), incinerator source (10.4%), diesel emission source (11.0%), and secondary nitrate source
(20.6%), respectively. To analyze local source impacts from various wind directions, the CPF analysis were per-
formed using source contribution results with the wind direction values measured at the site.

Key words : PM,s, PMF, CPF, Mass contribution, Receptor model

.M B

St 19604 T AANY 9152 BAL F7)
alo] 25 AFINAS) S AEAS BAT 5L E
g R Yz FA 502 A8 oplE e

*Corresponding author.
Tel : +82-(0)53-850-6695, E-mail : ihwang@daegu.ac.kr

Fa71S A A 3L A A 6 =

Sk
4%, BHd= *FQ—«HXﬂE 9 lcﬂ’l"?n A5 o
712 @GE4 (criteria air pollutants)?] v=+= &3 7|&
S WEIEe 2717 A8 TH(KiIm, 2013; Lee et
al., 2008). 21 go|x Estn B3Fer Am, njAH
A, FHL2RE f9HE A T A IS



PMF 298 0§38 Z4A% PM,.o] 24 7]oj= 34 509

o] L7l AR LA+ 238 FUtska ok 59,
A 2717k 2.5 pm 0]5H] PM,s= Hi7] FollA Al
A7l oL, YAl Zod FAS,E Aoz
BHZH | AAN Z+F SEEOIY o7t T L9EE
e T8 A HE Q&o] AYst= wisiA 9
sko] QA APAR HHE F= AR Hiuy
QJt}(Dockery and Stone, 2007).
7] F2o2 viEd PMol tigt wsiE 2as)st
7] $leiAl= FRET A7 ol A&EHQ] HYHY
< B F=HEE BSsty A&AQ EAL F6
SAEAHS Thelske AT Bl A St
e gy 0 AES tokat 54 Yl B A - 3
Vska QA gr) o Belg asEoR Sqs)
A= 8L e (receptor model) E= 3 YHE
(receptor methods)©] 2 3}tk (Hwang and Kim, 2013;
Hwang et al., 2008a). =9} AL= 1990 iE 7|3
o7 Hgrdo ik A7t AZHE lew, 2000 o
o] Eoj4= CMB ®d3} PMF 2dlo] 32 ARGHH
A PR L F9EEY L HY ToE B2 At &
23] AP gk CMBE o]-§3 o4ke] VOC
9] 71y &= A H3L(Jeon et al., 2005), A-&A] PM,:2]
2dY 7= 4 A+ (Lee et al, 2005), S}
T8 TA(AE, =gt AL AT )4 TSP 24
Y 71 = 4 A+ (Shinet al., 2006)7} AP v} QL
ok E3 PMFE o] 83 AIFE TAbelA o) 917d ©
Y 7]oj= 374 A7 (Moon et al., 2006), T-H|A| PMy,
QLY 7= 24 A+ (Hwang et al., 2008c), 3+
Al, TpFEA] o] -AI| A &) PMy, 2 F¥9] 7o
A (Lee et al., 2009), £Z1o] F7|¥H 2¥H B4 o
T-(Oh et al., 2011), A-&A] PM,:9] g9 7=
7§ d+-(Yiand Hwang, 2014) 5] =334 H} it

2 AFolAE BARGlA PM,8 2 HH 24l
9 7= 23S flsf 20109 9¥RE 2012 129
THA] PM,s F71E 0] &3te] F 260719 PM,; AR
£ AFsA, A 5, 77198, o] 9 @R
< 248t =9 - 3o E4S gostdth 99
AAZE vlgtoZ oFY <lxFEA] (positive matrix
factorization; PMF) 2dl-& o] 83}0] 2% 9] ATFZ
719 =5 FAstaAt stk =3 PMF 2dlgo] 9
3 @oidl 7|E A=t 7| 4ARE BFS = CPF
(conditional probability function) 222 o]&3s}o] ]

Koo o

2.1 NEMF 2 2N 2y

2 AF= dFdiste FaoEtolA Aysig e,
Aol FIHA 18km’ 729 THEA #4271 ¢
sl AL, ARIEEZ AR - A A, A
IC, =& 43 (XY =) Y 25541 0] Akl Qlch E3H
d71edEd WEdas AAHA Ol 4047, FGHAll
3037H, thtAloll 1,7547 5 Thefet 2ok AxY ¥
7 5ol fAE ol AFHAAGY 7| dol gt
A3 gk 718 FEE mAE 2dYSs &
3o 7| =S £A317] Y3 20109 9YE ¥ 20129
29714 dTojsta Fas 638 S (ReR
R o 21m)olA PM,s 3715 olg3te] Az E A
FHatAoH(2H 1).

PM,s AF71= & 3719 REE #o]E&(URG
Co., URG-2000-30EH)x} HXZ, §-34, =244, 2
ooz AT 9lon, 16.7L/ming FFOZ 24
AZE FS PMys AR E AFSHATH Al2E 3Y 144
o2 AFst= AL 7|2 = g4 tt. 4 BEL T
A4 BAS YA Teflon A9 o] (Zefluor, pore
size 2.0 um, Pall Science), ©] 245 £4-& 9J3t Nylon

23

Fig. 1. Location of the sampling site.
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A& o] %] (Nylasorb, pore size 1.0 um, Pall Science)
o el B 9% Quartz 289} o) (What-
man Co.)& ARk} o|u, Nylon |2 9] ofR]of=
Na,CO, §H o2 FHE T4t (denuden)s 7+ A
A5t} A& F HNOE AASAH 2 A= A7
A AFE 207 A= e, I A2 A
Alole Well Basto} FFAlzlaL, Teflond} Quartz o
A& 001mge] A=E 7L Qe JAAEZE HF
Fch E3F Quartz o] x| = AME A Ao 24T
1= 971288 A7) 918 600°Cel A oF 10413k
AAE sttt

7194 AEL microwavel] PFA linero] =3t
Teflon A2 o] oix & Yo T 3] T34 244 61
% ZAF 7mLe} 35% FAF 3mLE 71519ic) o] % 158
S 25E 175°CE &8, thA] o] 2o 5&7F
FANA F 2087 AlRE et of 087 ¥
B 3 B2 5 o] §sto] AR TAHES o st
Q. 335 olaph HHl 2e5E sstel somLz
mass upste]l FILF 4]o]F F 50 mL centrifuge tube
o ot B4 H7kA YPRT F, ICP-AES BAHS
o]g3ste] F 177] &= (Al, Ba, Ca, Cd, Cr, Cu, Fe, K,
Mg, Mn, Na, Ni, Pb, Si, Ti, V, Zn)& 2435t} o] 2
HEL Nylon 6218 22870 @1, 224 30mL
£ 9o 5 233} AAY|e] Yol 3087 285} 23
3ttt o] gHe Az HE (syringe filter) S o]-&
slo] o= 311 50 mL centrifuge tubeo]] Hol £
WA YHRY F o] 2ARUEIHUE o]t
% 87 o] 2AE(CI, NO,, SO, Na*, NH,", K*, Ca**,
Mg*)& EA319ich. T3t g4 E-2 TOR/IMPROVE
(thermal optical reflectance) 4o 93] {7|gt4
(organic carbon; OC)¢} ¥14-Et4: (element carbon; EC)
£ 2= 227 w 871 ©424E (0CL, OC2,
OC3, 0C4, OP, EC1, EC2, EC3)2 & A3}%ith

ol
b

oft 3o
e

2.2 PMF model

PMF 2222 Paatero (1997)¢] oJ3)) e 22 A,
A= e eSS st AR sl &
P gl g2 ANEHES s, AAPEe| FE
o235t Ao ozt A AR A AFgte]
3}+= (least-squares minimization) ¢112|&
Ao} o Erdut FHd 715 7t

N
AN
i)
X

Mo B 1o ox

N
)
)
K

Fa71S A A 3L A A 6 =

A Uk B3 S HAEREY £A Al 24 L FHY
A 719=E gefd ¢ Qlol A AAACz
gol AMEI Ql= BEdo|th PMF 2ERE 35
7] fsiAe 2EEE 93 A= S8y, 2ds
0|83t 7] 4, A" Auto] gt sj4 5 o7
SAZF Qlem, 7148 ok 2ok (Hwang and Kim,
2013; Hwang et al., 2008a).

X=GF+E 1)

Al 194 X akgo] nxml FHLEZA, nE Al
29 & me B4 58S 22 Ueiith G 38
©gU9] 7142 ojuste] nxp FYOE FAE o]
AL, olof tf-3h= F PEL 2 HY EREES Avlst
o, pxm ez FA=olglet oln), pr 227 o
Z4o] & <9Jw|gtr}(Hwang and Kim, 2013; Hwang,
2010; Hwang and Kim, 2003).

PMF 292 £83t7] it Ry a4
29| FH|I, BEZ o] &3} Vo 24, HdY 2
o gt a4 5 A= DA itk B Aol
WA QAR F 233 2 AEWA olste) Aast
o] EXjot= FEL REPE F3st= LA A€
stich 1 9 A= 3 d5E Aat AEToR o
Ak, AETA olste] gholl disixe AETAYL
9] 1/22 A5ttt E3F mass closure EA|9} S/NH]
(signal-to-noise) & ©|-g-3te] 0.2 o5} A%, s &
52 298 A ALetE, 0.2<S/NH| <2¢Y 729
£ PMF 293 A 9Fg Zol7] 913 71538 Fe
v So g A2 E A1LAsHA T (Hwang and Kim,
2013). heo2 AR fgehe BIAE YA
Aok sttt B @1ol| Al Polissar et al. (1998)<]]
ol Ate WS o] &5t EFAHE FES AFSH
Aok A2 F 717§ 7 =l diEt 24 54
S = 10] ANSHE o2 HHe] oA B
Z7A3foF st=tl, & Aol IM, IS} Q3L rot-
mat FE 52 o|-&sto] Ao eHHY 5 8z 2
ekt 2 o] FPEAKZHE 0022 ARatgL, 4
Al LALEFEY FAE LHYEFEES G537
Sf3to] FKEYE ALgateict. PMF 523 o) Abilat
A4 e el B9 A 4 ick(Hwang
and Kim, 2013; Hwang et al., 2008b).
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Table 1. Summary of PM,; mass concentrations used for PMF analysis.

Concentration (ug/m?)

d
Species Percentile? GM? S/N ratio® No. of BDL?
Min Max (%)
25 50 75

PM,5 3.595 16.251 23.182 35.084 92.724 23.552 - 0(0)
OC1 0.005 0.077 0.169 0.283 2.257 0.161 185.0 25(12)
0C2 0.168 0.612 0.933 1.319 3.667 0.913 - 0(0)
0oC3 0.126 0.681 1.090 1.700 6.452 1.097 1093.8 1(0.5)
0ocC4 0.052 0.567 0.902 1.495 5.027 0.928 2416.2 1(0.5)
OP 0.016 0.397 0.611 0.870 2.140 0.580 484.3 9(4.3)
EC1 0.018 0.462 0.872 1.579 6.463 0.821 3556.4 2(1)
EC2 0.013 0.072 0.120 0.150 0.341 0.105 107.2 9(4.3)
ClI- 0.098 0.227 0.514 1.043 11.128 0.516 23.1 41(19.7)
NO,;” 0.187 1.939 3.381 6.463 27.084 3.358 - 0(0)
SOAZ' 0.067 2.534 3.779 6.204 20.927 3.927 - 0(0)
Na* 0.035 0.145 0.292 0.429 1.171 0.241 56.9 16(7.7)
NH,* 0.008 1.453 2.504 4.072 10.052 2.252 6354.6 6(2.9)
K* 0.007 0.147 0.283 0.377 2.382 0.247 9715 5(2.4)
Al 0.001 0.048 0.098 0.199 1.251 0.120 1122.0 17(8.2)
Ba 0.001 0.001 0.004 0.011 0.111 0.007 30.9 71(34.1)
Ca 0.005 0.071 0.142 0.273 2.713 0.146 149.5 27(13)
Cd 0.000 0.000 0.001 0.004 0.027 0.003 49.6 71(34.1)
Cr 0.002 0.002 0.008 0.032 0.608 0.020 15.9 90(43.3)
Fe 0.036 0.154 0.292 0.493 2.900 0.264 38.9 27(13)
Mg 0.002 0.033 0.065 0.096 0.273 0.059 134.9 21(10.1)
Mn 0.001 0.011 0.020 0.036 0.136 0.020 319.6 12(5.8)
Si 0.003 0.070 0.142 0.233 1.100 0.125 359.5 15(7.2)
Ti 0.000 0.000 0.004 0.011 0.933 0.007 209.4 53(25.5)
Zn 0.005 0.054 0.095 0.156 0.540 0.092 103.3 22(10.6)

Jpercentile: % concentration distribution, "GM: geometric mean, ®S/N ratio: signal-to-noise ratio, “BDL: below detection limit

2.3 CPF model

CPF Bde 7|4 EE o &3te] 2gu A4
o YAE FHT & YL WHoR FYR IS 55
HE 71ARsk PMF 2elo] 23] AR 7loiE A}
£ ZA3%tste] CPF H& AAK 4= 9it}. AAk=E CPF
ghe 19 77he48 1 g e el 24 7bs

o] & 2& ofujgich. CPF ghe 4] 20 93} A
3 % it

i

Fl

Myg

CPF,= (2)

AO
A7IA, mys LHUS B 7]o= Fho| A
(threshold criterion) o]ArYd wj, E& < (wind sector)
FFo WY 15E Juisiel, nk FUYY FFY
3 94 95E golRith A0 $9Y ol wret 2

AT % glon], Fool v B it Bojot W

of thgt ESAET} 7] fzo] EAoA AFitt.
wg wele] $F o24L o TR o
A2 AT 4= 9ith(Watson et al., 2008; Kim and
Hopke, 2004). & oA CPF 239 Af+= 1652 3}
o] & 24992 AAEYL, FAGE 7= 75th
percentileS AL&-3}ith

O

-

3. Z7t ¥ n¥
3.1 Q¥ ol Y 7|0E £
PMF mdg] A3} % 8 2

A

Atk
A WA ©gYe 0C(0C2, 0C3, OC4), CI', K 5
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Fig. 2. Source profiles resolved from PM,; in the study area.

o] 7|ogt= AL Ueht A 47} (biomass burning)  ZaY oA wiEEE Ao IEA glon, EAE
o s FRIAT ALY oAU F8 27 A4 Wi ohFQ TC(total carbon)2t K'o] i &
Z}(marker species)= K*, OC, CI" 5 o& d&# A gith = Ao =2 4HA th(Harrison et al., 2012; Zhang et

CIrel % #7189 A3 A8 A8 & al, 2010). 2 A7t Y FHe @ FHAHo]

Fa71S A A 3L A A 6 =
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Fig. 3. Temporal variation of source contribution in the study area.

EAst 2o W FAHIE &7 = - EFH &4 ofshs A2E UEtH(E 2, 19 4).
S HRE 2 o] AF dojual e AR A F WA 29¥& S0, NH,", OC, EC 5] 7]¢{3}
2EH, AL FF, FLo BAgle] ALHLR 7] £ AL Yehgen 53], S0, NH, 7} 7Hg &7
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Fig. 4. The comparisons of contribution between seasonal (a), weekday and weekend (b).

Table 2. Average seasonal source contribution using the PMF model in sampling site.

Spring Summer Fall Winter AVG.
pg/m?® % pg/m?® % ug/m® % ug/m® % ug/m?® %

Biomass burning 3.26 13.6 3.07 16.1 4.44 16.2 5.45 15.7 4.18 15.5
Secondary sulfate 5.19 21.6 6.27 32.9 3.22 11.8 3.53 10.2 4.33 16.0
Industry 2.55 10.6 2.10 1.1 3.08 11.3 3.22 9.3 2.81 10.4
Soil 2.51 10.5 1.06 5.6 1.60 5.8 2.27 6.6 1.89 7.0
Gasoline 2.13 8.9 1.77 9.3 2.65 9.7 2.92 8.4 244 9.1
Incinerator 1.87 7.8 1.38 7.3 3.08 11.2 4.29 12.4 2.80 10.4
Diesel emission 1.57 6.5 1.06 55 4.32 15.8 3.93 11.3 297 11.0
Secondary nitrate 4.92 20.5 2.31 12.2 5.00 18.3 9.05 26.1 5.55 20.6

Total 24.01 100.0 19.03 100.0 27.40 100.0 34.67 100.0 26.97 100.0

718l Ao R zAbE o] 22} SFAFY (secondary sul-  FEE eFYoz 7] Fo=2 uiEE SOt AtslE
fate aerosol) GO ERAAGT 22 Ak 04 I, NHH Z#5te] (NH,),S0,, (NH)H(SO), 9 2-&
Qo] 29 =84 SO,7, NH,'2 o484 glod, 23 3t FHE £A)3tc}h (Hwang, 2010; Hwang and
R o910 A9 dRE 72 olF) sl §  Hopke, 2007). =7 45 HjFAel o5 Hotshurg

Fa71S A A 3L A A 6 =



PMF 2d 5 o] 83F AAHA S PM,9] 299 7|oq= 4 515

oA YAzl o] wel dojupy] Wi o
F 9 25rl 2O ofFHe T UL Ao &
A 9l (Kim and Hopke, 2004). & A7 L =32,
Fato TAQlo]l ALHoz 7osta, e AHo
H|3] 5 do 2 7|9 =E UElll= AL ZALE
AQoH(E 2, 1Y 4).

A WA 299 0C(0C2, 0C3), ECL, SO,>, Fe,
Zn, Mn 5] =4 Ueht AbY (industry) I @ 4
o2 BE&9 o] & Fe, Mn9] A9 B4 w2
Bt FEAE F SR B 4 glon], 343 59

A AR A2AIEA HiEE7]
T 3t Aoz 4HA oh(Taiwo et al., 2014). E &
TollA o] A B e dUE AFo FEglol A&A
oz AFHY Ao FFS A= Aoz Helrh
ol AFUAAA Y FHo| Hr|eFEE WEdaTt
EAste], o] Pasol A3l aEHA Rl HESHA &
= A0 godEt vhdo| F5ol= 11.7%, 2
£ 6.8%=2 XAMEO FFole 3L 7hEst, £
e 3] 7FeEHA @71 "iol F5ol 719=7t
o =4 Uetu= Aoz AlREtH (Y 4).

vl A 2 J42 Al, Ca, Fe, Mg, Si 5] 2 7]
St AoR2 Yehg E(soil) ¥ eg¥es EF
sttt BE B B9 oddY 0 FHA= Al
Ca, Fe, Mg, Si, Mg?*, Ca** S22 <&&A gt Eg9
BE W7 FL2 Auiets EFEEY YA 2t
of gaf FFE vA= AL AlRETh & dAFolA
o B B 2 9YE BET ALH =4 vEht
= AL2E ZAETH(E 2).

oA AR 2 ELe FUF AsAt(gasoline) L FH
© 2 OC(0OC3, OC4, OP), EC2, NO,, Fe, Zn 50| &
A ety ditE oz s A HiE&EE OCe
ECEt} #o1, OC FollA OC3z OC47} & o]
ERJo|t}(Wang et al., 2012). T3t Zn= E}o|o] nfi o]
o3 wjESH T A o, Fex FEF AkkolA
At SufAlolA BTt g A itk (Zhao
and Hopke, 2004). & 9323} E3F OC7} ECRt} =
o OC % 0C3, OC47} &=A e, Fe, Zn7} 7]
ofsts Aoz A Fikg 4B egUoR B
st e A5 oY Adol e wet
Pofak Tloj Rt Hlad £EL RASYATL, 75

9 e 747t 8.3%, 1L1%2 Fdo] o 7 trehyt

WO e
9

O

(2 4). 2 E5F ARAF A2 =] (traffic monitoring
system; TMS)& ©o|-§3to] Qo] A& AR u&:
29 FRFS AHE 2 59 584 M2 4 I
=2 FFEY T 5827t SEAt] HlF 2F
ZFol A4 Yol o] FFHETY 7|9=7}t w4 yE
b Ao g

oA WA 2¥9YL OC, CI, SO, 7 &2 7198
3= Ao 2 el 47 (incinerator) ¥ 2 @Yoz
BH3L5Th 50,79 A% CI, 0Ce} t&o| 27 0.9
oA oF 10% ol 719t Aoz FA it
(Chow, 1995). 2 A3A Y Qlof 3}5of 1,850 kg/hr
£ aZ5te 97 H71E 7P| 20129 HH 7HEE
gon, FH Ests T4 v HF AGAA
242 E 7HEshe o] Wol azto] o3t gl ¢
ARE 24 Aer godn. 27 19 29
ALE, 7HEHol ¥4 719%t= AL
Z3} Fako] BAglol YHF Tlodehe Ao 2l
=3
AF A ©2gYL 0C(0C2, 0C3), ECL, SO &
o] =4 yeht A x5} (diesel emission) 2 FH o
2 239k g 23 2998 0C(0C2, 0C3,
OP), EC1 5o A Uehts Aol E4oln, HE o
A AFAoJA BlE&EE ECE OCEt}h X9t (Sahu
et al., 2011), AA]-&3S HtE3 3L ECEct OCr}
=7 wj&Eh(Hulzicker et al., 1982). & AL AT}
T EClo] & 7]9& sfx glem, OC E3t 7|9 &
S Qe Ao Yehdth g8 A5 e due 7t
SHY AL w2 79 =5 UL, 5 F
ol BAJe] &ALz 7]ofst= Aoz UrTh
7HAT ALH &2 719EE UElE olfe =
7R ALE M8 S Hld AR 2 S RE
ALgsteT old A AR dael o3t e FHT} oA
A2 LHY 1 FEEA THsAdo] EAst] ol
& 27E Ueille Aoz wdEth o] £ 2 g
daide A&HQ A7t o Ao s AlgH

npEte 2 of g WA @ FYe NO;, NH, 7F w2
719 st A22 Yy 23 FAEY (secondary
nitrate) Q GP o2 BHsIHTh 23+ AT 2 HU9
A% 97 22 w8 NO, 59 7tadt 840
NHO, & A¥SHE| 3, NH, 2} Zgksto] NHNO,2] At
Fe2 A Bk £ A e exot ¥

32
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Fig. 5. The average contributions of the identified each
source.

2 F571 2% AAEY FA4e 57 dedd ALE,
B4 719=7t 24 vehve AeE A o
(Belis et al., 2013; Zhao and Hopke, 2004). -2 1}
A ALAT B 1L AFH B2 FAFE B
Aot 53] ASEL G gsf IAYE= NO, 9
7IE Q3 ¥ 7|d=E Hole AR Amdt
ol 7% (20.5%), 7L (20.9%)l= HI=E +E<] 7]
AEE HojFo| 35, o BAglo] dAF 71045t
= ZASE gd

39 50 AA A &2AF7I7F Tt EIE HE 2
o gt B 7] =E Utk SAE PM,s
o HHEEL 2749 ug/m’ 08 RALE| gl o, PMF =
do] o5 A4E PM,9 Bd#sEE 26.97 ug/m’
o2 AXELD 2 AFAGY PM,s =0 S
A= LHYE T 8z FAEH o, 23 Fitkg
L Ae] 20.6% (5.55 pg/m’) ] 7|HEE YEfo] A
FA G PM, s =0l 7HF B2 S uA= AL
2 AT I e e 2 22 H4E 29 16.0
% (4.33 ug/m®), WA 27+ 9 FY 15.5% (4.18 ug/m®),
A T 99 Y 10.4% (2.81 pg/m®), 27F B 0
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Fig. 7. CPF results based on source contributions obtained by the PMF analysis.
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