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Abstract

This study investigated the nitrate formation process, and mass closure of Particulate Matter (PM) were calculated over the
urbanized area of Jeju Island. The data for eight water-soluble inorganic ions and nineteen elements in PM, s and PM;( were
used. The results show that the nitrate concentration increased as excess ammonium increased in ammonium-rich samples.
Furthermore, nitrate formation was not as important in ammonium-poor samples as it was in previous studies. According to
the sum of the measured species, approximately 45~53% of gravimetric mass of PM remained unidentified. To calculate the
mass closure for both PM, s and PM,y, PM chemical components were categorized into secondary inorganic aerosol, crustal
matter, sea salt, trace matter and unidentified matter. The results by the mass reconstruction of PM components show that the
portion of unidentified matter was decreased from 52.7% to 44.0% in PM, s and from 45.1% to 29.1% in PM,,, despite the
exclusion of organic matter and elemental carbon.
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A F 5 S upAAe] 24 A A5

FHoR mFo g Fo|7| s,

HAFHA|(PM:.52F PMio) S ARl loiA] & tie]
sequential PM sampler (PMS-103, APM Co., Korea)
S ARSI, SR 16.7 Liming fA5k%Th
T12ar o] 23t A ES E49517] S18l PTFE 4%)(0
=47 mm, Pall Co.)Z AME3IGITE wIAHZ| 0] Al 22
AR 201493} 2015 Hofli= S5~ 48 A 1e]ar =
T2 72 ARFOIG e, 2016 d0fl= T 24 4170 1.

2 A= PMas@t PM o] SAl0 S8= S
3 offe} o] 2Rt YRl digh BAE B of
Foldl A719] AlmEths o= siR=t, PMas
<} PM; 0] thal] 212} 947)2] A= Shgl o, Add
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tH(Table 1).
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Fig. 1. Location of sampling site at Jeju City.

Table 1. Summary for sampling campaign performed in this study

Sampling time

Season Sampling period Number of samples (hr)
Spring Mar.~May, 2014 12 48(72)%
Apr., 2015 5 48(72)%
Apr., 2016 13 24
Summer Jul., 2015 6 48(72)%
Jul., 2016 7 24
Autumn Oct.~Nov., 2014 10 48(72)%
Oct., 2015 6 48(72%)
Oct., 2016 7 24
Winter Jan.~Feb., Dec., 2014 17 48(72)%
Jan~Feb., 2015 6 48(72)"
Dec., 2016 5 24

*. 48 hours for weekday (72 hours for weekend)

chromatography (ICS-2000, Dionex)@4 87}4] o].&
AEe AR fAadEe] EAolke ERte
PTFE 9JZ|Z Teflon £3}187]0] Wil 10 mLo] E3k8-
H(5.55% HNO32} 16.75% HC1)2 7I3t 3 microwave
2Z22(ETHOS One, MILESTONE)E o] &3}o]

200T A 3087F Eafiolsict. S Golol] 205
7F10] 20 mLE 9Eal W 3 oj1jslo] ICP-MS (7800,
Agilent)E 0]-85}0] 1971X]9] ¥AAIE(Na, Mg, Al,
K, Ca, Ti, Mn, Fe, Cu, Zn, V, Cr, Ni, As, Cd, Sn, Sb,
La, Pb)2- 24515tk ICQFICP-MSof| gt 4] 241wt
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Fig. 2. Seasonal variation of PM, s and PM;y. Dashed line (red) means the average.

3] 5ol thaA o) Aol 2HHlsiA Lelict
(Kim et al., 2018).
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3.1, DIMHX| HYsE U NEYH EN

Fig. 20i= PM, 52} PM, 9] AeFaeol tigh Add
HERE Upehlich Z1RloflA] B, wiAHz|e] Aeks=
HE-2 PM, 50l H]sf PM oA & A SR Uepsith 1
231 PM09] &= HEEL2 5> 71 > o5 > AE9
=02 7 Yehtom, PM, 59 749 = Be527F
2> &> o5 > ALY =07 FA Ve Bibs
EE 7120 B, PM ol £(39.1 yg/m’) > oI
(27.3 ugm’) = AL(27.0 ygm’) > 7F(25.1 yg/nr’),
PM, 5041 1(22.6 yg/m’) > A-8(19.2 yg/m’) > o}E
(19.1 yg/m®) > 71(17.9 pg/m’)2] <=0 ic}. T =qt
PM, 52} PM H5FollA] o Eatk A&0) Asks e ol
H[S3E 0 2 LERsITh

Fig. 39k= PM, 52} PMyo Afo]9] AlAdS LERITE
PM, 52} PM;p AFo19] AR 0.551724 o] &
Atolofli= daet adol = ¢ = Qi 1eja 7t
ulAHR] A=l Qle1A PM,s/PMo Bl Tt Bt
0.680]3).0m, EHo]|=0.58 1)1 LhHR| A&of|A=
0.71~0.7424] A|FEA] X[ ol|A 7] - mlAHX]olIA
= PM, 57} ZRA[le= H|Fo] H]aA] & 2 0= Uit
A wlA|Rfe} 2l ixke] EAo] vk ufze]]

HHZHQ] PM, 5/PM,, Hl= EAI61A] Q1A 414
ol = B/ Al Hat 0.55, FAF A Bt 0.33 0]l
Om(Park and Lim, 2006), FXFA|Q] 2217 o] Q1o
#J=0.73(Jeon and Hwang, 2014), AJA] 2+ x| Hoja=
30~89% =S & B 1% v} QI (Kumar et al., 2006).
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Fig. 3. The relationship between PM, s and PM;,.

PM, 52} PMyo0]l 3hfel 484 ol =0 5=
LIS Fig. 40 Uepiic). mAz|of 3k oolof
A= NHy "9} Na'7t 322 558 B, Zololli=
S04 9} NO;y 7} 422 A& &2 = Qlr}. Z12]3l PM, s}
PM,0141 SO4*, NOy, NH; 0] 2.8 o} &-go|glom,
oJ5 FQ o]&AJHO| B PMysoAE SO >
NH,;" > NOy 9] 52018131, PM;¢0l A= SO~ > NO5™ >
NH,'©] 2202 Uepgirh Uolx] ol @B Ee] St
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PM, 59} PM;o HFol|A] 52514 Na™> Cl'> Ca® > K
> Mg™ 0] 0@ U] o5 .4 o] 2AHE0] &
o] FEolA XR|eh= HIE2E PMysollA= 90%,
PMo0llAli= 82%=E LERT 12]al AlSEA] B4R
ulAEx]e] g o] 2/dE-S PM,s AR 41%,
PM, W] 45%2 2FAJsh= 202 Lefyt.

HlAEA] 5 Fol2a} ol Afo]o] o] 2wt 4F
W (Fig. 5), AR = PM, 52} PMyoll A 2k
0.903} 0912 G0} ol Aloje] ATHge ofF
G5t ZAoR Yeptom, PM,set PM) BFOA =
o} 2o] ofol o ujg| wo] Erfek= Ao R tehgrh
oA Fo|2a} ol Afolofla] elte] Bt EE Hol
= A2 Aol Rje]| 2FE {74 o] Sof| thgh
Fjo] v w0 & A7,
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Fig. 5. Ion balance in PM; s and PMy in Jeju City.
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U520 Feof| lojA] HEo] PM, sl IS PMigollAl
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2 ol Hlel 2 202 UERton, PM,sollA|
=K > Na > Al > Fe > Ca > Mg9] ¢=°& T1g|31
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& E=5 ek

Fig. 7olA= 2 dAtollA] AR 5ol ot 22t
&=A5x(Crustal enrichment factor)S AFJ3}o] LjE}
Witk 2 A= Al 7IeEdE ARBSto] Alks
SAE APISIITE 1RolA B, 24 T}l 1971
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HHH PM, s/PM, AFH]710.5 ©]312] Mn, Na, Fe, Mg,
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5t B ofyz} PM, s PMyol|4]9] 557 A=
7ol 2fol & AL| Holz] ¢l webA] PMyset PMyg
oA FEAe ghol 10 otz & A7} glar
PM,5/PMjy ZFH|E 0.5 o]5j}] oF 8714 Yas2
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[SO,"] & vl A2 F7Ishe A3 2ol rt
PM, 9] 739 ¢htizo] FHEH[NH,/[SO41>1.5) 4
Hoflie FEo AR ARE AQfskal= [NOsY
[SO/] & v/} Z7sl= AgFo] Tais)|R|H, E5] AL
Hol A0 Jll2A S71RHS 2 4 Al B
H Yugo] FESK[NH, /[0, I<1.5) ol
OIF-EL] PM, s AR [NOs)/[SO,™] & B|710.5
oJsl= Wolx|wA [NH,/[SO. ]9}—4 A= =94
A AR LEpgT) ol YitEe] FERT 2ok
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SOz AFE Barh 1 diEe] FES AR
o] B A o] A1l mlRIA U] 217 4
i 52 AR o] k& 4= Qlck(Pathak et al.,
2009). o] A A ARjol|A 2] At [NH,'1/[SO4™]
of 2 ARHES AUul, Tejat AR S oltizo]
3 2ollA, 53] PM, sollA] 12l A& e, F3i61A|
TS oF 2= 9t}

Yrgo] AtES FIAIAL T 5 HAES A
Al 4= Q= 58S 79 UHE(Excess ammonium)
o= viehfe, 4] (1)} o] o3t 4= glrk(Pathak
and Chan, 2005; Pathak et al., 2009).
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T o] whe HAN 0] WE-S Fig. 109
A HH, PM, 50 79 A itgo] F45-3E G Soflil= kel
o] SRt webA At see 5716k 7
P S & = Atk 53] A Hol= 1) dEwd
Z710) njeb] Waklo] MgHoR ZlsH Ao 1
Btk ol o] ERgh vlHRIAeINE 7] £
QHmvjolel 24k Aole] ZIAKE 2 WS Bel ot
% o) 5= F7lol Wb Wi vt 371
7] g &2 sekElch PM o) A% excess-[NH; ] > 0
Q1 FHollA T Ee] F7tol webA ikl &
T7b 57V AR Holn, excess-[NH,'] < 091 4
Aoz HAE T RoRle ARe UEhde o
= Qltk 8T ZREE 0 2 PM, sof| Hlgl] PMeollA]
= ) dEEol gt BAt E=o] Hat AR e
& ZofRl= AekE vEhlch o] A" 4% NOsy A
490] FojA}= S NH,CI9} NaNOs A} 26 1 o}
2 o] TS o res Az
(Pathak et al., 2009). 12|31 v|M|ARKfine particles)
ol EAtEE = HNO;2F NH; Afo]o] HEgof ofsf
A AdEl = BIsl, AleeA|Ha o] sieke] Fike] Ql
= 77oll= ZHiYAKcoarse particle)of| A 9] At
HNO; (= NO,)t 3 Ale] 2] HE-gof| ofsfiA] A/d %]
7] wjE02 ®elrkPakkanen, 1996). 12]3L PM, o]
HJ3l] PMiooflA] k) gl theh NOsy™ ARl 2
AL, dAR 7oA mAAES 2 dAET = =
HUA| WEESHA] Q7| wliEo]|(Pakkanen, 1996), PM;,
of] ekl = FatdE th7] Follxl 2R} 714
7 A SRR Al 9] WGl 7]Q1Rt 7 o & sthEIT

3.3. OIMHX|e =gk xH7d

uAHR]e] A= RLAd(Mass reconstruction)o |k
A= wAHR oA S8 B S8kES o835t =
A 92 A ok AP WHH O =M, A
wixje] skt st 34 Ajoje] HEPAIAE Tletstal
QS AEI7] 919 o8 ER= $-8 E0lE)(Yan
et al., 2012; Chow et al., 2015). FJA|HA = 28 o]
AEE(SO,”, NOy, NH,")o] Zghe el ik
F(Ammonium sulfate, AMSUL)o|Y ZARQIHE
(Ammonium nitrate, AMNIT)Z} 22 22} FL7] ofjo]=2

Z{(Secondary inorganic aerosols), -3-7]=2)(Organic

4y - ST

Matter, OM), ¥4-E4(Elemental Carbon, EC), *]ZF
3E(Crustal Matter, CM), 3|&(Sea salt), B|5FAAA3
E(Trace Matter, TM) 18]al 7]€} AAEE(Others)=
Td=e] Qlok T ER o2t AuEE ERt A (2)
£ ol-gste] nAHA| o] AeES Ad T 4= Itk Chow
etal., 2015).

Mass = Inorganic ions + OM + EC + Sea salt
+ CM + TM + Others 2

ISR 9 Aol Upebct 2H g Al e
So| EAfe/1E ShAat A TR BRIl f)
S Ik, 2 A Al AR 1L o
7182] ele] chet BAlo] ofF: wigky] uizel] o]
oF ulARAIe] THE 25 Aol et #40] UAIs]
SloP, BAYBE o| et Y] FeElo] 9
Sl gl thet 2ozt Al ptisle] 9l
3k gHlolgick ufeh] £ Ao 4 ol OM
3 ECe] thet 7R AlSelgick

3.3.1. 3ot gE9 F8e4a

7} F7) o] E(Inorganic ions)

2 AolAE ICEHN S5 ol S0l Aka
£ ol&slo] SHik, FAakd, dE o]2o] (NH,),SO4
<} NH4NO; 2| Felj@nt ZAjgtcar 7Pgsie] 4] (3)S
o]831o] AMSULY} AMNITE AAks} ik

AMSUL = 1.375[SO,*] ~18]3
AMNIT = 1.29[NO;] 3)

PM, 5€} PMo0l|412] AMSULZ} AMNITS] 4%
Z HH(Table 2), PM, 57} PM,, K504l AMSULS]
AL o 5o ol Eltelal 7S Holl= i o=
AY/go] Ao, AMNIT | A2 7R Ao 71 219k
3 A 7P B A o= YERyth 12]al Table 2
ofx] X, PMysollxle] AdE AMSUL A4/4d2 PM
9] 0.7~1.1 £=220]9] 0™ AMNIT A% 0.33~0.37 4=
Zo 2 Vel 781 AMSUL/AMNIT ZEH|8 5
H, PM, sollA= Bt 4.4 vli(EH 3.9, o154 6.6, 7+
A 8.3, AE 3.0)5.01, PMygollkl= Haf 2.0 HiGE
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Table 2. Reconstructed mass of ammonium sulfate and ammonium nitrate calculated by sulfate, nitrate and ammonium

concentrations
AMSUL AMNIT AMSUL/AMNIT
PM; 5 PM;o PM, 5/PMo PM; 5 PM;o PM, 5/PMp PM; s PM;o
(bg/m’)  (wg/m’) Q) (bg/m’)  (ug/m?’) Q) Q) ©)
Average 6.4 8.2 0.8 1.5 4.1 0.4 4.4 2.0
Spring 6.3 8.7 0.7 1.6 4.6 0.4 39 1.9
Summer 8.7 11.9 0.7 13 3.7 0.4 6.6 3.2
Autumn 59 5.9 1.1 0.7 22 0.3 8.3 2.4
Winter 59 8.6 0.7 2.0 53 0.4 3.0 1.6
Table 3. Reconstructed chemical mass and its ratio of contribution for the chemical component
Sea salt CM ™
PM Season Mass Ratio” Mass Ratio” Mass Ratio”
(bg/m’) (%) (ng/m’) (%) (ng/m’) (%)
Average 0.68 34 2168 10.9 449 2.3
Spring 0.59 2.6 3132 13.9 588 2.6
PM, s Summer 1.17 6.1 1928 10.1 340 1.8
Autumn 0.41 23 714 4.0 392 2.2
Winter 0.78 4.1 2440 12.7 383 2.0
Average 2.16 7.1 6372 20.9 739 2.4
Spring 1.83 4.7 7156 18.3 976 2.5
PM,g Summer 2.28 8.3 3669 13.4 1060 3.9
Autumn 1.62 6.5 5113 20.4 484 1.9
Winter 2.90 10.7 7823 28.9 554 2.0

" : Ratio to PM mass

219, 02432, 712 2.4, A2 1.6)5ick olefh
2SS & off AMSUL A3/82 mlAgt dxtellA] 12
L AMNIT A& 25 QIAjolA] B} $refet 28 o
9l

1}, 3[|9(Sea salt)

2 AFAAR] AFA] AR 7] 5 mAHEA]
o Tl Na'e} CIe] AiFste Alolo] AAIE A
RS w] ABAGR?) 7 PM 00 0.5389, PM, 5
o= 0.6742%M 48] S Ad Ae= v
Efkon, o|2 o1 F ole-e BT Iiel 2 afd
I} ATAo] Q= A o= osfiet 4= Qlrk wbA] 2 At
ofif= mAHEAIE 2T wof] e oA dojuk= Cl
£AS T1EEle] o]0 R EAISH= Na'S A= 4

(H=A BH e ARtsl Rt (Yan et al., 2012).
Sea salt = 2.54[Na'] 4)

A= S9e Bt 710 PMasolldls 3.4%,
PMo0flA=7.1% 291 Ao Lepg o, AlEdE 7]
o= T 7ol vl W S Holal o
At Aol = woRhe B3RS H it Table 3).

t}. X|Z=2(Crustal Matter, CM)

wlAlRIR|o] Eokt B lolA 7P Qe oR Mg
S S TR T X7Hgo] fle] At
2 QeI olFold gk THgslel BAR BES 4
glxjefe] g Wela Aktehs WIS o}k Zo]
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o} o] Wi Bkl wRE H4E0] Si0,, ALOs,
Fe,0;, MgO, Ca0, Na,0, K,0% EA5l= 722 7}
L, 7F 953} 25 0,9] kS Tek] Siol &
Aol ZHE 4o] BEES ANISI] 2t U] oo
Hlafie Zolck 1215 7t ¥A5e) B A Ak
(0.86) o2 L Az o8 A (5) 24 AZE4S 7
AFgl 4= Q)t(Marcazzan et al., 2001; Park et al., 2010;
Rogular-Kozlowska et al., 2012; Chow et al., 2015).

CM =2.49Si + 2.20A1 + 1.66Fe + 1.93Mg
+1.63Ca+ 1.57Na + 1.4K + 1.94Ti )

3] 2 Ao A= ICP/MS EA71 oA BEofo)
F8 dESl Sizh B4R el nAEA] F Sie
Si0, H= AlSi 52] = EAfat™ Al A=At
ofFs FrAL UelA §loH g thEo| AAIE o8t
o] SiE 75}0] ARSI Park et al., 2010).

Si = 2.8428A1 (PMyeoll thala) i Si =
2.5364A1 (PMysofl thisfial) 12jar 2 Atolxi= 4
(5)ol BAHE U F A2 Yol 4] A|2Jet Kt s A7
9 @0} HE NaZ A9J8t Si, Al Fe, Mg, Ca, Ti
TS efato] AZHEAS ARSI Table 30j4] K
W, A=A PM,s Ak 10.9%, PM,, Ao
20.9%%F 2HAsk= A0 R Yepkow, 21729 vlg
2 PM, 50l HI3H PMyoollA] FA] 32 A& & 4= Uitk

o}, njaF Y4 E (Trace Matter, TM)

u|gF YAAAE(TM)2 V, Mn, Ni, Cu, Zn, As, Pb,
Cr, K 52 A15}2-8 g51o] Apat 42 QAR Landis et
al., 2001), o5 Y452 v 2R ok= &
& o= 2t webA] & Aol CM} Sea salt®]
APgat o] gl HE YAES B Slblo] vk &
A& AXISISITE Table 30|41 H20] PM, 52}k PMjp©]|
A TMO] ZH3R= B2 Zolr} Ae] glo] vl 2
2ol Ao Uepgr,

3.3.2. OJMIHX|Q| Steted20l et R4

Fig. 110]l= A3 SFMIEHIE PM, 52k PM 0]l
tiaiA] LERlch 484 ol adEsol tigh
SebA 2/ BANEO = PMy s o] 47.3%1F sijA]
o] E]a1 Eg3s} Al E(Others)o] 52.7%¢1 Ao & v}e}

124 - s

ST} T1efu Fig. 1104 X0, 371491 84S E3l
AFA] =AY PM, s A5e] 56.6%01] thshiA] iAol
7FssHA E 9oL gt AR Bl 44.0%E S4
=0k TS PMyoollA = 3Fela] 24d AN XSS
o= A ATFe] 54.9%RF s =]aL 45.1% 7 et
RO R Holglovt =7FAQ1 allAdE: 53l 70.8%7} 3l
o] 7FssHA EllaL et AdE-229. 1% 2 S4E]
Qck o]2f3t Auk= §71ekax(Organic Carbon, OC)2}
ECo]| thgt 241877} ae=| %] Sk AdefjollA] o]Fo]
Zl solk 2 A=Al gk A-tellx] OMi} EC2
H-20] PMy59] 21%, PM;p9] 13% 0| qlth= Az

£ RRIH(Kim, 2019), 2 ¢+ Aol A OCLFEC
o gt AmE F7Isto] A =W EESit 438
O] vl AAHT} 50% oV B A 4= S A
2 ol = ik

lo A

CM
(PM,.5) 10.9%
™
Others

2.3%
434% / Sea salt
: 4.0%
SUL
AMNIT 2.2%

7.3%
(PMIU) CM
20.9%
Others ™
29.2% 2.4%
Sea salt
7.0%
AMNIT L
13.5% 0%

Fig. 11. Mass reconstruction for PM,s and PM;, in Jeju
City.
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o5 A& Fles vt oL 7RSO 7Y
ek 29ar o) ulAHA|ef 9k 4848 o]2Ad
HE 5 S0,”, NO5, NH, 7} 38 o] &4 Ho|glom,
EAE 197F4] @aoflA] PM 5@t PM, 00l A 9] 2| 2Fs=
Alg=0] zto] A 4 PM,s/PM o AFFHIE THE Na,
Mg, Al, Mn, Ca, Fe, Ti, Laxz= E%7|¥o|17 L x| &
A5 TR 7)ol o3t A o' F1ask 4= Uik wiA|
A2 o] At drRol olsl A dgt S-dnlE H,
OM} ECof| tigh 2127} iglkaolle 7561l PMas
oA = 52.6%01 0 ErEERt Adwe] Hlgo| 714l
SAS F3M 43.4% 2 FAEHA 56.6%7} sAlo] 7S
SiACE 12jaL PMygoll A= 3FehA] 41 Fal A A
T 54.9%4F SAEAARE F7HAQ1 SiAS FSl
70.8%7} sAlo] 7RssliA). 3k9- OC}FEC 5ofl tigh
A A=E STl sAlsiA| ' AlFEA] mAE R
Sleha] A dw-S ot A AT o k& Ao]

=
ALl 2

o] Gz 20198HAE ATt T TA AT
3} R SR QA SAele] A Hglo
= Sagelsuic
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