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Abstract

A smog chamber has been an effective tool to study air quality, particularly secondary organic aerosol (SOA),
which is typically formed by atmospheric oxidation of volatile organic compounds (VOCs). In controlled environ-
ments, smog chamber studies have validated atmospheric oxidation by identifying, quantifying and monitoring
products with state-of-art instruments (e.g., aerosol mass spectrometer, scanning mobility particle sizer) and provid-
ed chemical insights of SOA formation by elucidating reaction mechanisms. This paper reviews types of smog
chambers and the current state of smog chamber studies that have accomplished to find pathways of SOA formation,
focusing on gas-particle partitioning of semivolatile products of VOC oxidation, heterogeneous reactions on aerosol
surface, and aqueous chemistry in aerosol waters (e.g., cloud/fog droplets and wet aerosols). For future chamber
studies, then, this paper discusses potential formation pathways of fine particles that East Asia countries (e.g., Korea

and China) currently suffer from due to massive formation that gives rise to fatal health problems.
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2 seielold A1 EE BFEAL 20
A A] (Particulate Matters <2.5 um, PM,;)oll 2J3t tof
7l2qioleki & 4 ok EAGIA A5 Polu &
(haze) BAE TEEO] 2ol o) wAlR
ok S uEte] PM,of thEt o712 Al (A=t 25
pg/m’ 0| 3}; 24A17F B 50 ug/m’ o]FhH= 2015 K
AHHLT, PM, 7} AHH o2 A7o] JFL wlA
7] wiZoll =¥1A o] AA o7} o]Folx|aL gl
th(Kim et al., 2015). & o A3k djrol 2RO 2
SRR BAE Ao geAE At A g
I} ojof wE YA EAFS -4"*331 QI—E‘Q—J 7h
4, gazde WEe st
ofof gtk &, ti7] & PM2.57P "E g, "é%‘, xﬂﬂEl—‘:—
grlsiehe 0 2o WA 22T Axh A%
%ol FFL AL oY Ex Boke B4 B
& Q77 Bastch AW AR dole A4
2 Wste 99 Al&gol7] ol Alojd A¥ ol
hsstne, gel A9 drE BAR 4 9
TFAA, & 25270 AW (smog chamber)E Zu|A|HXZ]
Aol &-g-3trt.

o7|He 2R FHE o] &3 T 2u|AEA B

H AILEL AU)5HE, 0]2F-3-7] YA} (secondary organic
aerosol, SOA) ] A4 HAUZ Ao 24S 953
o}, SOAE PM,.9] tfBe xjatn ot A=}
Aol ofF BRsto] ofA7tA = A L Hg vA
UZo] 283 FHEA B35l 22 (Huang et al.,
2014; Zhang et al., 2007), 227 AHE o]83F SOA
A7) HA B AWRI, FobAlohFE R 53
9] SOAE =33t 2u|AUA LHZAIE 23] 9
o AT Acehaint.
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1950t el wjgolA AZHE AR W A
= 197049 o]F
(UCR), California Institute of Technology (Caltech),
University of North Carolina at Chapel Hill (UNC) 5-¢f|

University of California Riverside

a7 A 2 A 2 &=

A FHALZ YT, L Carnegie Mellon Uni-
versity (Presto et al., 2005), Harvard University (King
et al., 2009), University of Florida (Im et al., 2014),
Univeristy of California Los Angeles (Kim and Paulson,
2013) FollA st Qiok vl Bao = 19709
SHHRE B2 S04 AR Y A7} AJZHE]
®131 (Hynes et al., 2005; Takekawa er al., 2003; Hess er
al., 1992; Akimoto et al., 1979), 82 - 1990d o}
o]0l 2AHOoZ AW AF7E AIAHE G TH(Becker,
1996). gh=2] -9 2000 ZHol| Al&A|Y o)A
Agom AR AN A7 AFEe] dRTEI&
& 719 (Korea Institute of Science and Technology)©f| A]
ARHATINGE SN BAHOZ S

on, 71 ol FYBHHAUNA A% ATTH 433
=t (Lee et al., 2013; Kim, 2002; Hong et al., 2001).
T A% 20009t Fukof A3trhsto] Am T 3
AFLE AZSFHE I (Wu et al., 2007), 2o Chinese
Academy of Science (CAS)¢} Chinese Research Aca-
demy of Environmental Science (CRAES) S04 AX
I e AFEnE TEsta ok(Li er al., 2014;
Wang et al.,2014). =3, =42 #|o] A& 8] £3 =
Al AR L HEAIE 2] sl AlA A A
wo 2n7 PUNHE AMSAGE AT W
v} Qlth(Chen, 2014).

287 PEE 37 394, e, 9, 3537
A, 574717), 7184 Som FAH. E 1]
Z1HEE A &85l Q= AR AW FQ
RoFslth & 10]4 BEo| vkguo] AU
et os B4oluA SHstn B
b b5 B2 E B8 (Teflon film)& AH§3H=Y,
4717} Ao Aste] mAMAY Hrdol
33 Hi71Y ol9e = EANM AT 4 floe
wEo] lth(Wang et al., 2011). o] 2§t ]2 pyrex,
quartz, & F 0], stainless steel 52 22 1AH &
HE 7= HHE AFste] ooj2F kg7 (aero-
sol reactor) = -5 “UH (cloud chamber)Z Z-8-5}7]
%= 3tk (Wang et al., 2011; Wagner et al., 2009; Kamm
etal., 1999).

HhgHlof A= HEE 259 A= o
54 pmQle], eFE5 w3 o] A|zto] golsh
o] &%= 2 F (contamination)o] 23t 4
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4 Slonk, ol% e el Bajo] ot 4 glrk
Mol 9iek. oleiet B S Bsr] stol whgu
& 394 (housing) = QAZZ A (enclosure) 2
A YR 3HEE7IE «FATIAY HeHE olF
9 (double-wall) 2.2 #|2}sto] ¥ Ato]o] F7tofl 7
5715 TE%t 9F LdEdo AT e 9s H43
F1L Tt (Carter ef al., 2005; Rohrer et al., 2005). HF

4N

T

oN

ol

SHE Boste AERA 9 s 20t AYE
Hol vl A= FFE wiAISH] A% FL 715 = St
Hhgao] moke wJf, A, SHA, v 58

Agtshe], 79 7P7he4s E9 o 23 vl (sur-
face-to-volume ratio)o] ZropA Al dh-2- o] ¥Ho] 3}
Bhig W AR Ao] B AL G (wall effect)o] Ho]
A7) ol HhgAsic, B4, 2 BoFd v iy
Bru|ge WMWY Buj7l 242 Mol A%
= 279 AN Hu G Hasel] S8 M2
of AAEE AT P whgule gyskea gt
SOl AA ) 29 Whguls A Aste = Al
= 7H olf = 7)o itk webA AE AAEmt
o iy 25T YE ALSAY 29T 5 gles
2, 2¥#Q1¢] EUPHORE (European Photoreactor), =%
9] SAPHIR (Simulation of Atmospheric Photochemis-
29]29] SCAC
(Simulation Chamber for Atmospheric Chemistry) 53}
e 0y B zestel 5ol e 3 13749 &

27 YHEL FHY Infrastructure Program@l Inte-

try in a Large Reaction Chamber),

gration of European Simulation Chambers for Investi-
gating Atmospheric Processes (EUROCHAMP-2)o]| 4
&5lo] glojA, ATAE | 24l Fulg HA 2w
Aol 714944 Measurement Campaigns 2 Instru-
=2 Y3t Qict(http://
www.eurochamp.org). WetA == Y AJ1AHES
20 HY ATE BYSAY| T, FEATE BT A
Ux e EFoRA Hd AT $2E F4
A=) gaE 280 FHE
S Bt opUet FEATO BT 3
L FEFAT 59 LAY, 223 A7ATe Bkl
UE A% 23T 4 Uk AR ATAH Mol
Bag Aol

2w Fut 27 FUe] B0 g A B
g o] gk A9 AW (outdoor chamben)o} A1E

ment Testing & 4

i

a7 A 2 A 2 &=

Y& 0] &3F= AW A (indoor chamber)2 L EEH T}
A A - EXN7E AN A= W317] iz
A Aol AP, A7t T2 Fe F 7|9 ¥
3= mEsfof dtrh= The] ok vHE A 3w 9
AS B 9 7128 A AT ¢ AL, 2 e
o} 24o] 7hestER Y Aol 7 Aol
UAEE, Q15T HFF ZolE LEsfof rh=
ol glet. opge] el H JelthE fARHA =Ab
g 4 Qe Q3B © 2= blacklight, Xenon arc lamp,
Argon arc lamp 59| ¢l+=d], blacklighto] H]3]] Xenon
arc lamp®} Argon arc lamp7} 8|53} £ ¢ {FASHA
B )9 Tkl WA Bl o] sk F7tol Ark
ol itk M MRS QAFALE 2T 3
Q7719 F S UCRS] B¢ Blobe & 2}
7] 9]3}9] blacklight®} Xenon arc lampE FA]| A}
)31 Tk (Carter et al., 2005).
HH37) FHHAE 287 Aol FUshe 3]
A2 Foll EFHE 7A4 B IR 2B AL A
of 471719 A&ETA olsk(== ppdb °lste] 714, 4=
particles/cm’ 0]3}¢] ¢IzxhE TEL Ax|o|th AR
o] Qe Brishs oz TIN5t
Ak wlgre] aAsFET 2okslo] Balshike A
& ustel 02 9 YR 59 AFE BIE
3Rt (Lee er al., 2013; Takekawa et al., 2003) djF&
A79) A9 ATl 2R BTBH okt
stk S
VOC) ERAN AZFINRE AT, A7)
947137NRE HA olgsAY 971N Re &
H AFRAE F7ee] Adel ATE ST
(Lee et al., 2010; Bae et al., 2008; Roberts and Fried-
lander, 1976). o] o= A3 HFof vE-gHo| ¢
& Haslelr] 98] A ARl 3737 B
FHA7 AGE B2 B A7AS0| AuATe
HEYe)o] dskoz whgulel NHIHO) et e

oo _OL e e e

713FgH= (volatile organic compounds,

2 B3l Gh(Fry et al.,2014; Ng et al., 2007a).

287 Y A5 E&E= 347)7= 2A 71A
4 = 371719 A 22 547171, 39 A7
0 2uEY 247], 715 95 29717 (25, A
= 5), 22 A9e) Baol vt Pary 54, Be)
A B4 £4717] Tol slen ZAIg W82 Carter er

al.(2005)°l 71&H o} Aok AFAHYU A= HH 5 2



AR WS o] &3 o2 2uAlR7IHA Y HAZ AT FF 135

% 9 4Re B offtline 2771719 Bset w
S0 2 o] B sl VAT Y= AN
on-line 37|7|2E FET £ gt 7 712441
ANZE BRI)IRE ¢ 2 ol (HHeE 9F Ao
ARkES d4402 ST ¢+ e 7F2EA7I(NO,,
Ozone, CO, SO, analyzers and Gas Chromatography)2}
4 nmol 4 49 nm W A} T|RES 4
Huojo} 2243 4= Q1= scanning mobility particle sizer
(SMPS)o|t}. AR AFLFL AR Py AFoA
&3t A SA77= A W BAEES BE
& 4~ 9J+= proton transfer reaction mass spectrometer
(PTR-MS)2} o] 2718 shoza e 248 4 9)
+ aerosol mass spectrometer (AMS) S-0| 22 U A
B3 AW AFAE olet TS A7 FFo
I 235}t (Ehn et al., 2014; Jimenez et al., 2009; Ng et
al.,2007a; Robinson et al., 2007).

718} AH| 2= &%= 2EAA] (humidifier), seed par-
ticle WY (atomizer), AFED T & 7
Aol $3, BINR W2 $9, 2900 55 A8 23
o wet A4 AEA A 2 2AY BARA 5
o] = th(Geiger et al., 2002).

3. A7 58

7] ZulNAA Y e 7| FHSE dFE A
3l7] YBA = o7 ZuA|HAY] ABA (formation)T}

Volatility voc

High o

(Gas)
Atmospheric

Oxidation

Semi-

Voltile @)
Gas-Particle
Partitioning

Low — @soA

(Aerosol)
Organic
Matter

A

71 59] 3}8HA -3} (chemical aging)E of= #o] B4
Zoltt. tf7] Zu|HA| &= F2 A (sulfate, SO,”),
AL (nitrate, NO,7), &2 (ammonium, NH,"), &
713 FEE olFA d=Hl (Zhang et al., 2007), ©] &
oA F718RHE-S 9 7HR] o)) Aol 7l
AEE BA8A A dAYUES A5k A2 ¢
o] L Yo|th(Seinfeld and Pankow, 2003; Turpin er
al., 2000). E3t, t7]35h2 ¥E3 AA|7F BA¢skaL o
FEA 2 vhE wlAYFo] wWoba #% S (field
measurement)S E3 Aol A} 9lck. mheb
EA)= 374 (controlled environment)oj|A VOC7} A
A (precursor) 24 o g S}sHEE-S AH ofw gt
FRe) ZONUAE A4elER, 18T FIHoz
714 (air quality)ol] w3 FFS 7A=AE A+
3 Fa7) Stk o] & fl3f QHE Aol AR o]
t}(Finlayson-Pitts and Pitts Jr, 1999). 2% 1 o) A
VOC7}h tf7|8kehit-8-& AA SOAZF A/ €Tt (Sein-
feld and Pandis, 1998). @714 th3 Al 74 SOA
A A7 dEA ok AA, 2" 19014 2ol 7]
A Aol Al 7] AkSHE (OH radical, NO, radical, 2.2)
I wh-gske] 71 RERES (semivolatile) 71414 2343
o] 71A-YA} EHll (gas-particle partitioning) T3S
AAA AASHETHIE 1A). 4, olu] EAstaL QL
= o AHA] FHO|A] acid catalyzationZ AA EX}F
o] 100~1000 B2 2 oligomer YAIZ HT} (1Y
1B). AR, di7]o| A o] EAst= 484 R713HdE

(water soluble organic compounds, WSOCs)o] J-&/9t

Water
O O soluble
VOC
Henry's Law
Equilibrium
Acid
Catalysis
]
Organic
Matter
B

Fig. 1. SOA formation via gas-particle partitioning of semivolatile organic compounds (A), heterogeneous reactions on
aerosol surface (B), and aqueous chemistry (AQ Chem) (C).
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A Aot £BS Tee 2uMEAc] SoE =
NAYo| A s}eHE-S- (aqueous chemistry, ol: OH W&,
acid catalyzation)2 E3 YAFs}tE7| & stch(29 1C).
287 HME o]-gsto] SOA Y A7t o|BA 2
Yol g=A A9 Al 7HA] BHES SR AHE
gttt

3.1 Gas-particle partitioning of semivolatile
products from atmospheric VOC
oxidation
% 1A YeRd SOA /-2 7|4 el el A VOC
9 Akatet 714)-AA; 2] T 74| 3S AT
3.1.1 VOCs9| 7|X| A 2

7]l VOCs (o47] A= BlHEA VOCs (non-
menthane VOC, NMVOC)E 2Ju|3h v]j& ¢ (emis-
sion source)o] W} A A4 VOCs (biogenic VOCs,
BVOCs)2} 219)& VOCs (anthropogenic VOCs, AVOCs)
2 Ut BVOCs= -2 Yol Al uiZEm, A
A FEoA A VOCs(Z, BVOCs®t AVOCse] &)
o] A9 90%E AR5t 150l Al isoprene?] 7] &
o] AA VOCsQ] ¢F 33%=Z 714 311, monoterpene 2]
7]edgo] AA VOCs9 ¢k 10%2 T HAYE =t
(Virtanen et al., 2010; Goldstein and Galbally, 2007;
Kanakidou et al., 2005; Guenther et al., 1995). AVOCs
£ A7l Y3 BAHE ALE ZAX A=
AVOCs9] Hl&%o] BVOCs| Hi&dE 267 = 5t
™, o=+ Los Angeles (LA)L Boston 52 A X <o 4]
L VOCs % alkane©] 40~45%, aromatic®] 20%<S =}
A ol= Ao Z U4 A Qlth(Atkinson and Arey, 2003).

VOCs7F t71 2 =™ 7|4 ollA 7] AEHA
(atmospheric oxidants)?] OH radical, NO, radical, &
3} §Rg3ITH OHE ¥Hg-4o] $A4h JoHs} g0
A E o] F2 vrof| 25} ([OH] =2 % 10°molecules
em™, 12417 & BE), NO = ol FEafj=lof 22
b2 dho] 25t ¥ (INO,] =5 % 10° molecules
em”, 12417 ¥ B, 22 Wt yhof| gAF EA)5}
o] ([0,] =7 % 10" molecules cm™, 24| 7F ) VOCS}
18-t} (Finlayson-Pitts and Pitts Jr, 1999).

717 el Al VOCs9] ti7]4kahiS- A3 VOCs
7b di7] AtskAier debut B vhgskar, ojwEt F&

o HFPHEE Uoht BLHOR A (yield)Al7]

a7 A 2 A 2 &=

i, FFAAECl BAH7ZI7HA] oWTt vk wAUS
(reaction mechanisms)2 AX|=X& &7] Y3keld],
FZ 02 UCRY Atkinson 150| AR AHZ o]7
3t AFE FYsta BE FF9 VOCs (¢, alkanes,
alkenes, aromatics, carbonyls, alcohols)E OH radical,
0, 18] 3 NO, radical?} ¥-$-A]# GC-MS/MSZ £.4]
sho] k&= (kinetic rate)9} ¥ HAUES HaW
t}(Atkinson et al., 2006; Atkinson and Arey, 2003). <]
£ =49, Z23 (propene) 9] OH,NO;, 0,79] &=
L 208K A ZFzZF 2.63 % 107" cm® molecule™ s, 9.49
x 107" cm’ molecule™ s™', 1.01 X 1077 cm’ molecule™
s'eld), =2 H o] =1 (lifetime, 63.2%7} WFA] A}
24 = b Z2l= AlZHE OH, NO;, 0,749 7l Aks}
HhSof thafl AArsHA Zhzk 534171, 249, 1.6Y0] #
th &, T2 Yol OH$} ¥H-g-5to] =2 22 (sink)
=t} (Atkinson and Arey, 2003). 3£ 2| isoprene2 E
gt 8 6F VOCsol| gt vh-& = 9 15 A
Shlch Woet A2n 1 AW AEE v e E VOCs
9 BEAARTO 2 Hh-SAFS: (rate constant)E 7 =
9l " (structure-reactivity relationship method)©|
AQtEo A 3] glis VOCs9| 9o vhg&e
Ar4=9] A o] 7153tk (Kwok and Atkinson, 1995).
voCe] vk WlAUES I8 29 39 Uehf it
VOC7} alkane¥ 7-$- OH ¥H3-2 OH7} gt49F A
3l Q= A E wjotol(H-atom abstraction) E0] &
I, 45 ¢l alkane alkyl radicalo] HthH(H 2
o R.). VOC7} alkene® 9= 0|5 2T & % &
20 OH7} B8] 3L (OH addition), %] T2 &
& BrAof& radicalo] A7t &, o714 R--> OHZ}
=2 hydroxy-alkyl radical®]t}. NO, HF-3-2 alkaneo]|
= goluA g3 alkeneo]qt dojib=t], 7|4 %
OH$} ulz7kA| 2 NO,7t o5 47e] & & o] o
SR HA R-o] HPHT Z, o]7]A R NO7L 82
alkylnitrate radicalo|c}. o] 2] AJAH Thofst R-2 At
4@} Hk-3-5}o] peroxy radical (ROO-)Z Ft} ROO--&
NO, NO,, HO,, ROO- 53} 48317 Hth. NOg} -5
g g} alkylnitrate®] A1 NO,7} EHA] alkoxy
radical (RO-)o] H=H|, RO- A4go] 70% o] o]Fof
A= FE 72 (pathway)o|th(Arey et al., 2001). NO,
&} Hk-3-5} wj&= peroxynitrate®] T X|qt, o]= ThA] W2
A ROO-9} NO,2 Ea|Ema (Zdo| 1~10%) 7}



137

EREEEEBE

EES

5l o

0]-8-3]

=2

Sl

Al

ol i

JIqe[IeAR 10U = /N (600 "IV 12 eRUNSIBIA)

:(Q600¢ ‘uurwarZ pue wi), H(F10g <12 12 A1), {6661 1P 12 UYILD) ; (S00T 1P 12 A1ayd0() , (900 1P 12 1RMIS) , ((4L00T 17 12 BN , H(BLOOT '[P 12 ISUAIPUIALY) , “(BRO0T “I7 12 SN o *(900C 17 42 110T3) ,
“w/31 0001~ 10 001~ 03 sayoeoadde (ybg ur) “O) se wnwixew are SPRIL YOS 11V

“(L661) 1P 12 10WISIO WOI) (Auadd-]) ONY pue (GH6[) UOSUD)Y pue oMy wol (9uadd-1) HOy 1dooxa (g007) £oIy pue uosurly Woij ore sonfea Y [y

*s189K = £ pue ‘sep =p ‘SoINUIW = W ‘SINOY =

0 P9l LI-210°1 0 PY¥'C S1-261'6 0 yes [1-9€9'C
Quadoig
VWV
V/N P81 81-9¢°6 VN P6'l Y1901 BHLTE yge 11-99°¢ A
QUAd9(-|
0 00 < €¢I > 0 % 91-98'C a4t yer I1-91°1 sueoaq-u
1%TE PI'l L1-9¢"1 WbEE wey (45184 s%91 ye'l I1-9¢t'L ﬁ/
ouaurd-g
DSy ULy L1-3%'8 %91 wy'e CI=91'9 i yLe [1-9¢T°¢
Juauld-n
Y1 Pel LI-LT1 %S| w gy €1-20'L S Uyl 01-91 w
quaxdosy

PPIA VYOS — oWm-ofrT (.S, 9[ndd[owr w0)f%y  pRPIAVOS  oWm-ofrT (S, dModjowr wd)ONy  pPIKYOS  SWn-oT (S, d[nodjow ) Hoy

Ke@ 1947 SWMYSIN 1Y-Z T aumAe 14-7 |
o oEo.o_oE 119L WO A[MI[OW §G (WO J[MI[OW 92()' T
‘0 fON HO

*SPI9IA YOS pue SQOA 40 uoiiepixo ousydsouny g dlqeL

J. Korean Soc. Atmos. Environ., Vol. 32, No. 2,2016



138 48Hl - olsE - HI - AAG - v A
voc —ONOs ot Ayl Radical
|
HO, .
ROOH =—— ROO ROONO,
Organic Peroxy Peroxynitrate
Hydroperoxyde Radical
ROO) NO
Carbonyl RONO,
+ Alkylnitrate
Alcohol RO +NO,
Alkoxy
Radical
Products

Fig. 2. OH and NO, radical reactions of VOC (alkane and
alkene) (Atkinson and Arey, 2003).

HE-3-(reversible reaction)©|Th(Atkinson and Arey, 2003).
I3 VOCZ} carbonyl?l Z-$-= ROO- ¢} NO, vk
of o3} & o YT W AR SHL FAE per
oxyacyl nitrate (PAN)©] A E ). o & 5, acetalde-
hyde®] 4F2} 41432) PANS] $:3.& 0°C A &0l4] 5}
F7F 43, 25°C A2olA oF 402, 25T £2
£ ¢ g ROO-9F NO,2 E3fj=th(Atkinson et al.,
2006). ROO-¢} HO, ¥F5-© 2 organic hydroperoxide
(ROOH)7} A/d =31, & ROO- 712 ¥h-3g-5hH E4%t
slshdt AA alcohold} carbonylo] A4 E T} (Glo-
wacki et al., 2012; Atkinson and Arey, 2003; Benson,
1965). Alkoxy radical (RO-) & A] peroxy radical (ROO-)
T} v 2 jEE w7 EolA S8 DAR iso-

merization (1,4-hydride shift), decomposition, O, reac-

[e)ie]
[IE=1

A B R1\/Q]—’ R0
O3 O!"O'\’O '
R1\/\R2_"' L Criegee Intermediate
Alkene RS *
17 Ry R;._.O.
Primary Ozonide N O
( NMO )J SCI Channel lPeroxide Channel lEster Channel
=Nz, Oy
Ra Oy — H0 R o] * *
- Q ? “OH [RZ\ o} } R o
Lo X~""0H 2_<|
Stabilized (0]
Criegee Intermediate OH ROOH* Dioxirane
(scn R;-OH R O
2> oH ROOH "
Alcohol Decomposition
0 O-R OH o |
3 -
2 N |RaciojoH R, O Rox O R;—<
H2804" Moo, eatonicads OH I OH
2 |Carboxylic acid 0 O
A . O%R (= Ry ) OH ‘/iDeoomposition
2\ F R 0 1 o™ Oy
1N T o l log, HO,, RO,
Aldehyde O\< Q0

Secondary Ozonide

)\?O
Rs + Alcohol/Carbanyl

Fragments + ...

0
Ry

HO, OOH

RO ROOH
0, 2
OOCH OH o]
+
(0] O
Ry~ Rs/l\fo R5)I\7
ROOH

+ + ..

b

Rs

Fig. 3. O; reactions of VOC (alkene) (* = excited state).

a7 A 2 A 2 &=



2RI WS o] §3 o2 2u|AF7IHA Y HZ AF FF 139

tionZ} 22 Al 7HA] SFeES-& AX =, dder &
Y8 %S vgoz RO-©| EAFRIOR of A 7
] 3}sH-g-of i3t branching ratio (E= Al7HA] A=
Zzte] yield)g ol2H oz Fok o] mekElgl
t}(Atkinson, 2007).

voCs o2 w82 19 30 Ueh g 22
alkene™} HH-3-31=6)|, C=C o]F Ao A primary ozo-
nideE F/4J5H, o= E¢Hgste] Ay B2 2 AR A
Hroh ()71 4= AT T2, A E criegee intermedi-
ate:= biradicalQ1 g excited® Are]o]7]o] HA] E2HH
sttt & 79 radicale] BFZ Hof 92 radical7]E]
Zgsto] aldehyde (R,-C=0)7} HAT, g4 shtE
7hedl F9 Al 7HA] A 27 AR A iR A =24
L T7|(M=N,, 0,9 2E3te] o3l stabilized
criegee intermediate (SCI)7} EthH(2E 39} 4] SCI chan-
nel). SCli= thFstA ¥H3-sh=dl, & (water vapor),
alcohol, carboxylic acid S3} ¥3-3}9] organic hydro-
peroxide (ROOH)E, aldehyde®} HF3-3}o] secondary
ozonideE AYAshy, E3F 0]4ks13F(SO,)S H,SO,=,
NOZE NO,Z AFstA71Th(Taatjes et al., 2013; Mauldin
lii et al., 2012; Welz et al., 2012; Neeb et al., 1996;
Hatakeyama and Akimoto, 1994; Lai ef al., 1990). &
HA 2 peroxide channel (I3 3)2Q1d], isomeriza-
tion® 2 o $|z|°f Sl T A e FoUA
£ wWjStobA (&= 1,4 hydride shift) organic hydroper-
oxide (ROOH)E #AJsttl. 18 Y| excited® A}ejo]7]
o} £ (%, ROOH*), RO-OH Zgo] 7|4 4 RO- (=
R;-C=C-0-)7} E§3 OHZ TAA7It}. RO-=
isomerization &AW 0,9} HF-8-3}9] peroxy radical©]
o] organic hydroperoxide (ROOH)$} alcohol, car-
bonyl 52 A 71t} opX| 9t H 2 ester channel ]
o], &t4 9] radical} AFA 9] radicalo] Z¢}sle] dioxi-
rane®] HT} o7|A %= 0-07} EEEO]A acid F=
ester7} E =] (23 394+ acid), GA] excitedE AF
gjo]7]o] OHE Y A]7]IL organic hydroperoxide,
alcohol, carbonyl 5o A7t} o]F % @ EQE-Zof A
OH7} A=+t 3-hexened LEHHGA|7|H (OH
yield7} 30~56%), alkene +Z7} transQl 739 Ao A
H peroxide channelof| 4] EAYs}= W, cis?l AL=
H]E ) EE peroxide channel o] A qt 30% 7}5F0] ester

channelo| A &= AYAE T} (Kroll et al., 2002).

3.1.2 7|X|-Xt 244

VOC7} 7141l A H714sE AX tEofd
SRR EELS A4 o g4 H]E (oxygen-to-carbon
ratio, O/C)0] =014 F9HA (volatility)o] WolAth &
719} (vapor pressure)©] §HEHY F7F o3} (e 107
atm o]3h2 SolA® 71A- U Eujrk Lolut ezt
St} ol7jol 2719t ofeh B WeEol
F&= mA=H, Pankow (1994)= 71A-4A 2HiE
W9l 7142 ofnl Ao EAlshe §
7]&74 (organic matter, OM) Alo]2] HEFPoF KW (T
g 1A) HFZAE Eulj A<= (partitioning constant, K,)
2 FAslsITh A (DS 9 340 e HEAs
(conversion factor) £2] A4S glofl ©&3HA7] A o)

o

RT

K= o
MW Py

P

)

o]7] 4, R 7|4, T 25, MW OM 9] E2¢
P B S $7 AR 2715 e
activity coefficiento|th. Zu|HHZ] 9] A2 HFg]dt
4 $71aEe] Lok YRR HsAs el
o, K, & o]-&3te] AR (particle fraction, Cp/Cp)&
Al ()2 & 4 ATHOdum et al., 1996).

G, [ 1
L P
CT KPCOM

-1

2

7M., Cre H71EES AR 229 F= (ng/
m’), G f7184ES AT 7IAS &2 AA)
%E(pg/m3), Conz OME] %E(ug/m3)°l‘:}- G/CiE
T8 EY F& (viel)=2 e & 9lon -
F&Z CE AROG (VOC7} ¥H53F = e e
2 Aost=dl, o714 C7F AROGS} Ztha 714
gttt (Seinfeld and Pankow, 2003) -, -2 &4 K,
Aol ER 58S Cou®l B4t Bk 4 (DelA
718 ELP )0l g +EUY ) 4] Q)= Uet
3 5= ok

Y, =1+

] 3)

KP,ICOM

it o2 VOC7L H7|4kehite-& st #7184

E(P,,P,, ...)0| stoichiometric coefficient T= branch-
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Table 3. Individual contributions to overall SOA formation and four yield functions that represent SOAs from aromatic

compounds (Odum et al., 1997).

Aromatic VOC [Aromatic],” A[Aromatic]” Yield Y at Coy, A[Aromatic] X Y
compound (ng/m’) (ug/m’) functioin =28 ug/m’ (ug/m’)
Toluene 663 266 Y, 0.049 13
m-Xylene 330 284 Y, 0.027 7.6
m-Ethyltoluene 105 89 Y, 0.049 44
n-Propylbenzene 40 16 Y, 0.049 0.8
1,2 A-Trimethylbenzene 162 147 Y, 0.027 39
Total 29.7
1 -1 -1
Y, =0071|1+ —— +0.138[1+—
0.053Cqy 0.0019C
. -1
=0.038 1+; +0.167[1+17
Yield function for 0.042Coy, 0.0014Coy
aromatics 1 ! 1 !
Y,=0.083|1+——— +O.22[1+—
0.093Cqy 0.0010C
-1 1 -1
Y4=O.05[1 +7] +0 136[1 +—
0.054Cpy 0.0023Cy

DInitial mass concentration of aromatic VOC

»Reacted mass concentration of aromatic VOC during photooxidation experiment

ing ratio (o, 0., ... )¥HE 7] 22 (R1),

VOC + tj 7] 4k8HA| (OH, NO;, O3)—a, P, + a,P, + ...
R1)

AA GNP EL 482 ZH7H9] o] branching
ratioS F3t FHo|t}. o] 2 SOA 4=golet srh(4] (4)
(Seinfeld and Pankow, 2003; Odum et al., 1996).

SOA yield for VOC=Y(VOC)=3 .Y,

1 -1
KpiCon ]

ARZ f71AE P, P, .0 AR o T3k A
F=57] g2, graph fittinge S & = 79

E (P, PYRE & YE+= two-product model
AR&BEH(A] (5)) (Odum et al., 1996).

=zi:(xi[1 + “4)

© 3]
1__
374
N
=

SOA yield for VOC=Y(VOC)=a,Y,+ a,Y,

1+

:a]

-1
KP.]COM]

+ (12[1 + 5)

]—l
KP.ZCOM
Odume 4-&9] o] Eli= 47 (additive property)

a7 A 2 A 2 &=

< ol&sto] AFat 7HE-e] o3t ulAEA| Y]
7HEA 9 FAZE] 29 aromatic SRHEY] &
A )= SHTeZH Tt 1T 5 YS9

TH(Odum er al., 1997). &, & 304 BEo| WA 127}
7] aromatic T3E-S A9 2w Fuo) 242t FQl5t

T NOE W7hste] Wotshtgo] ot ofol2E 4%

& 79 F, 2 FHoR Uk & I R AN
Fol 47 189 28U A (6)2 BFHA
1 -1 1 -1
Y,(aromatic) =a,;| 1 + +a,| 1+ ]
P.1 ,iCOM KP.Z,iCOM
(6)

aga o]
lene, m-ethyltoluene, n-propylbenzene, 1,2 4-trimethyl-
benzene) & E3sto] ThA] 22 2poR A9 Am7
A AEL 4=3)5te] 571 Z+zho] WS A aromatic 3}
$HE 5= ([aromatic])@} ¥F-8-3t aromatic 3}3HE 5=
(Alaromatic])E =43}t 57 aromatic 3}eHE9]
Golshutrgo] Qg MAE AHA SOA Hxo =AHZ),

Cou® 28 pg/m'o] 9t} 4747 835 % 5744
}2+9] aromatic 3HRHE9]| fFot= FEFFE ©
tol Con©l 28 “‘g/msoal O =& Y)S ot Y

% 5719 aromatic 3+gHE (toluene, m-xy-

=
=
Z_'

O
O
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Alaromaticl& 38+ 57FA] Z}2-e] VOC| &Jsf A4
H SOA9 F=5 FH5It. o5 M7 sto] 3
A SOA =] 32 29.7 pg/m’o| YL, o= A
A SOA F=9] S4%Q Cont & LA|3H . Odum
< o]FA 7H&R-A aromatic o] ZR|A|HAE
TYA7]= o $ Fasithe AL EAAL, o= ¥
Lpol7hA] aromatic A3/ 2oll whet A EE Zu)A|
AR 9] o] FEhdE Hof ZAIX oA 2EY dAF
oF A5t B AW A 2 FFS 7Rt

oA ZIAZAA G RujEe guky
o HAE A Eg=, Bl 71ASE AR Abel ]
FEAEH 7] el ¥R SES YA OlA
1A zE HghE gubd o g AEat ui7] wA|
M A= primary organic aerosol (POA)Z EFE=1],
POA= SOASH 22| tf7] LdUlA wi&EE o, B|$]
g (nonvolatile) 22 tf7]o A AFSES glo] ©A|
/4# 3} (phase change)Tto 2 YASHE oo|2ES T
3ttt 2# 9 Carnegie Mellon 8ol A= POAQ] H]
o) GTHS st 457 w] oA EA
2 245p7] YL M sok sk, oln) mlAEA
wal7] uolch, ol AEAIA HEE POA
do] ofd mEREdo|BR YApEe] ZIAA
St FHY 7IA-AA 2H @l Dot
25 9Ju|gtth(Shrivastava et al., 2006). 2=+ Carnegie
Mellon tghe A8 3w AFS FalA 7|AH=
S¢E POA7F H7]3keHig-& A SOA7F "Hrhe
A& FE3}+ T (Robinson et al., 2007). o| 24 7]
oA dxtA ez SOAZ} POART} Ho] EAst= o]
5 A%T & e sy 25 BRI 74
Hrotr vjE&9Y EZ (emission inventory)o|t ®E
TollA POAE ||/ o= 7H4513=H, POAS] U
57t SOAZ ®ghe & glenz o2 IS thA|
HEZ dart g

o lo 3
lol-mEOlN

3.1.3 SOA formation from anthropogenic VOCs
(alkanes with NO,)

Alkane-2 alkeneol| B]3| TUAFLETE o]FoiZ
ehsj2es0]7]0] BASE SOA AHS dTsie o 1%
o4& ¢l VOCo|t}(Lim and Ziemann, 2005). Ath7}
alkane> EA|Z G4 A B2 AVOCO| B & (Carl-
vert et al.,2002), NO, Z& A] SOA AL AR 9

HAHA] Ao 58% FRE AFEh(Lim and Zie-
mann, 2005). UCR tf8}9] Zimann 152 A2 7 A
AL Al Zx}A 02 7fEkgt thermal desorption particle
beam mass spectrometer (TDPBMS)2h= of|o]2& A=
BAZIZ AAT BHE BE B 4T SOAS
ol et Eeste] A o2 S45HhH(Chat-
topadhyay et al., 2001; Tobias et al., 2000). ¥+-3- |7}

= HHU(TE 4), alkanex 7| A|F ol 4] OHE} ¥t
<319 0,, NO 5132 AA alkylnitrate, 1,4-hydroxy-
nitrate, 1,4-hydroxycarbonyl& AAsla, 8 AAHE
¢l 1,4-hydroxycarbonyl (50% ©]AhH< oo]2% %W
oA acid catalyzation2 A # cyclic hemiacetal2 ¥l
th(o] RAATAL 3.20]4 TthEL}). Cyclic hemiacetal
& Al dihydrofurano] HHA] 7|AFe| =2 F&s}to]
OH} thA] ¥h3-3te] 24 o] A8 495 (2 generation pro-
ducts)o] 71Tt o714 A (B F7IY P)o] ¥
R 7IA4-AdA B (A () Aoz 45T 5+ A
=4, alkane A|&|2 & Bta 747} 67021 n-hexane
(CoF-El 17791 n-heptadecane (C,))7HA] HH-gA1A 3
Aol AY =& alkylnitrate®} 1,4-hydroxynitrate=
alkaneo] C,; o] wf wkedo] o] Yaptez
Bl Eo] SOA7} A E 7] A &F8}aL, cyclic hemiacetal
2 C,, o] AR FHsHA SOAE /s, gl
2224 BAEEE Q8 CHE SOATZE B th=
AL dolfith(Lim and Ziemann, 2005, 2009a). L&
o) alkaneo] B%E HMHL S CetE BAFEo|
w2} SOA ~g°| Z2}AthH(Lim and Ziemann, 2009b).
19 59 A] alkane©] lineard 739 &4 77} F718
5 Aol RotA Z]A-YJA Fufell &Js SOA
F&o] F7ketth 283 Y3 g@a JfolAE lin-
ear alkaneY} branched alkane?] 3]4¥tA]o| A< Zt},
a8y 22 3]dbAdo]lgk e branched alkaned 9=
linear alkaneX2t} SOA 4=&9| @A 3| At} C, oA
n-decane2 48] 14.6%<l HtHo| 3 4-diethylhexane
L 3.4% "ol FA] 91, C,oll A n-dodecane> 34.8%
o] BhH o] 2,2 4 4-tetramethyloctane> 1.1%2 Fom,
Cs°| A n-pentadecane2 62.7%<1 HbAo| 2,6,10-tri-
methyldodecane2 35.0%2.2 ZrAFTHIH 5A). 9]
+ alkane-OH 7|A|¥Hg wlAYZAA F23 TAd
alkoxy radical HFg-of 2J3t A <ld], lineard 7% iso-

merizationo] LoJUbA BRG] EA 4 O

J. Korean Soc. Atmos. Environ., Vol. 32, No. 2,2016
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OH HZO . 02
R1\/\/\R2 AN A R1\/\_/\R2 —
Alkane Alkyl Radical
OH
R1 R2 -
ONO,
1,4-Hydroxynitrate
OH
R
N02 + 1 R2 NO

0

l Isomerization

0)

R R
OH, O3, NO3 1U 2
- /

HO + \(_7/

Dihydrofuran

Peroxy Radical

0
M RO R2 A R1\(\)J\R
- 2

Uon o

Cyclic Hemiacetal

00 ONO,

R1\/\)\R he R1MR2

2
Alkylnitrate

o
R1\/\)\R2 + NOZ
Alkoxy Radical
llsomerization

OH 0 OH
1 -—2 R1\/\)\
Rz : R,
(o))

R 8 R -
1Y\)\R2 1\(\/U\R2 1,4-Hydroxycarbonyl
OH

OH
Gas Phase

Aerosol Phase

Fig. 4. SOA formation mechanism of alkane-OH reactions in the presence of NO,.

® Linear
o Branched

0.8 1 .

0.4 -

SOA yield

0.2 -

.

a
T T

7 8 9 10 11 12 13 14 15 16 17
Carbon number

0.0

a
7

B
Alkoxy Radical

0 (0]
R1\/\)\/R2 Ri R

Linear Branched
l Isomerization lDecomposiﬁon
OH o
R4 \/\)\/ Ra Ry \/ﬁ N ||\/ Ry
l 0,/NO

SOA Formation Fragments (Gas Phase)

Fig. 5. SOA yields (A) and alkoxy radical reactions (B) for linear and branched alkanes (Lim and Ziemann, 2009b).

2 §R=EHA Al (functionalization) =] o] SOA7} AY
A =& JhHo, branchedd 79+ decomposition &2
T27F A fragment7} Eo] A FdHgo] oA 7]A|
Fejo] HEE2A dth(¥ 5B).

AR oA VOCQ alkane A]g]Z C~C ¢}t
OHE WHAlA SOA B4 HAstL &8 AT

a7 A 2 A 2 &=

AL ghollA] et U F, V1L )l 2 7]
A-AAF w2 @S APHe= J"?‘i‘:}— ol A
2 o)oj2 s}7Ith B8], 18 SAGIA C, (=& 270%)
XE SOA7} EZZA o2 A E=d]|, C,, (n-undecane)
9] 25°Cof| A F7]19-2 6Xx 10 atm 2 2 w34 o),
agBEg G, oldolA BAHEE SOA= ¥ =
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204 o Total mass
B Unexplained SOA
M Traditional SOA

Primary

—
o1
1

Aerosol mass (ug m 3)
)
1

(&}
1

0 T T T

0 1 2 3

Time from UV on (hrs)

Fig. 6. Photo-aging of diesel exhaust in a smog chamber
(Robinson et al., 2007).

= AL (low volatile)?l F713FgHE0] 7] o)A
oJEA =3} (aging)H WA SOAE A=A AL
18| &th. kA 2703 Odum et al. (1997)2] HAFofl A
As2F 7HE A7 9] aromatic 430 SOA Ao
2% FFE 71X = AL BE (& 3), Carnegie
Mellon tjgtof A= 52 & 8)7] 7} (diesel ex-
haust: &, JAARE AXNA A2AZ] Z)E 22T
ol skl UVE 3A7F o) F3kshit-g-& AlZ
HY (38 6), FA| olo]2F 5= (total mass)7} 27|
FE(10 pg/m)Q] ok 262 F7AFTh Y 4o A HA
FEE ARt wet A EH, =35 AXA] g pri-
mary, & POA (10 pg/m*)7} 3A17F B9 22 522 §
Z|E] 31, Odum et al.(1997)0] AEWE aromatico] =
3lx]o] 271 traditional SOAE B7F JHoz AL |
ug/m’ A= o]l A= A] ekgpe. Ax dREL U
A Z JH2l unexplained SOAZA] semivolatile =
£ low volatiledr A JA7} 7| Aol A =3}
s A AAE SOAo|th(Robinson ef al., 2007).

ofN I o

3.1.4 SOA formation from biogenic VOCs
oA Age ZAAE BVOCs= A VOCL 90%
£ AA3h AY B2 isoprene, I ThEoE wo
monoterpene (a-pinene, B-pinene) L5 alkeneo] 7] o]
OH, NO,, 0,3} BT #9235t} ¥ 20] BVOCs (iso-
prene, a-pinene, (3-pinene)2} C,, alkane¥} alkene?! n-
decane, 1-decene 5-2] OH, NO,, 0,2} 9] HF-8-<& T (rate),

1, S0A +82 Helsteet

VOC & AlY WL isoprene> 25T ) AF o] 4
SOAE & A AI71A] &3ttt OHLE HEgofl A SOA
482 5% ulgto|w (Kroll ef al., 2006), 2.2} ¥H-3-5}
o= 1.4% gro] 2tHth(Kleindienst et al., 2007b). -8
o] W& olfi= 7|24 o2 isoprene> B |57t 5
7N gtoll X ¢7] wiell $dAdo] Erh(E 2004 £
Atz ZAz). a2, alkane¥} OH HE-g-ol| 4 SOA 4=~
&2 C7E A7tk (n-heptane®] SOA &2 0.9%)
(Lim and Ziemann, 2009b). 7123 isoprene> OH Ht
SolA SOA =&°] NO7} Qe A% o HaEUe
o, ol A4 WAUEeZ 49T 5 dth@dE 7).
Z, peroxy radical @AY W NO¢} H¥H-3-51H alkoxy
radical2 AYA E o] fragment2 7| wj&Eo|t}(Kroll et
al., 2006). NO7} 912 7%, peroxy radical-> HO,}
H}-3-5}0] organic hydroperoxide (ROOH)E A4 s},
o]Zlo] OH%} 22} B35} H A SOA S FFA7I=
tl, o17] 4 epoxidezt= FHgo] ¥ EZo] 4=
H OH7} ZjAY At (recycle) E&= A o] 818 % th(Paulot er
al., 2009). Epoxidex= of|o]2&9] uptakeEHA] acid
catalyzation2 A # oligomerE AYASIEZ SOA A4
o] Z7+=lo] oF 30%71A] SOA 4=&0] Eozlth= A
o] gF& F t}h(Surratt et al., 2010). o] A acid-catalyzed
heterogeneous reaction &2 O] o0]X ZOF 320] 4
ttEt}. Isoprene@} NO, 9] HH-§-2 15% SOA &2 4
F oz OHY O, ¥hgof v &2 Hely|, o]AL
NO,;2t9| Bhg-/go] OHY O,Ht} il (7g0] 4822
2 Hdh), ¥ yAYZ A peroxy radicald W HO,
U} NO, ¥hgo] ohd ROO-ROO -7} % ¥Ho]oiA
ROOR'Z dimer7} E7] wj&o]th(Ng et al., 2008b).

Isopreneo] SOAE A9 BAsIA] Fdh= Rido,
monoterpene2 Et49] 7|47} w7 wjEof (a-pinene,
B-pinene = 107}) F1ak4o] LrobA] thr|AksrE AA
SOAE AtjH o2 o] 44T o] E 20] gl
F&ge 3 4uE 5 U a-pinened} B-pinene
= o Woll NO,oF 9551, SOA &%= 27 16%,
33%0]t}. S Fo = OHLQ} HH3-35lo] 46%, 16%2)
&2 SOAE AAgith e &2 jhg2 Adjgog vy
d], a-pinene SOA 8-0] 15%21 ©| ¥}, B-pinene
2 3%4kel QFETh Sl 2%t EHiet SOA &9
AEAAE A2, a-pinened} B-pinene Z-2 C,,
@1 n-decane¥} 1-decene?] OH W23} v W 8}, rate]|
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Isoprene
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HO\/]\J/O\/KI/\OH
HO OH  Dimer

Ho OH

0 HOKOH H
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OH OH

//SQOH_F 72 O:QOH
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Fig. 7. Isoprene photooxidation leading to fragments through an alkoxy radical channel at NO, conditions and epoxide
formation through HO, (NO, free) conditions, followed by the formation of acid-catalyzed oligomers and organo-

sulfates.

X oF 107" cm’ molecule™ s7'2 722 X}<4=(order)©]
t}. n-decane™} 1-decene®] 25°Co|A F7|¢2 247k
1.85x 107 atm (Lim and Ziemann, 2009b), 2.13 X 107°
atm (Forziati ef al., 1950)2.2 A2 H]23lg|, SOA 4=
8.2 247} 15%, 3290t} thAl WehEl VOCe] 271¢
o] ¢k 107 atm¥ W SOA 8L 15~32% JAEZ d

& 4~ At}. a-pinened} B-pinene?] 25°CoA Z7]
ote 77+ 6.46% 107, 4.41 X 107 atm© 2 (Hawkins
and Armstrong, 1954), n-decane™} 1-decene®] 7|9}
I} -2 A4ro|t}. 18] 31 a-pinene} B-pinene] SOA
80| 46%, 16%0)1 B2 F7|¢kol o3t Fujel SOA
g0 AL 2 Sojareria B 4 o

UCR t)8}9] Ziemann 152 monoterpene (0.-pinene,
B-pinene 5)& L& HHEA7|= AR Y HYS
Y P=d, TDPBMSE APES 2439 organic
hydroperoxide (ROOH)7} SOA 2] FAJE (a-pinene 47
%, P-pinene 85%)Y-& Y th(Docherty et al., 2005).

a7 A 2 A 2 &=

53], VOC% o& ®Hhgolx A4E= OHE glole
o 7}A] scavengergE ARES}lS] ROOHZ} peroxide
channelZ &3 2 A48 WHH(IH 3). Sca-
vengerl= OHs} 1H331E] @231t W gojof
StEE gUAgto g o]F0]A cyclohexane, 1-propa-
nol, formaldehydeE AME-RT}. ©]& scavenger= OH
o} W35t A HO,E WAAI7] =, A o] form-
aldehyde > 1-propanol > cyclohexane $=0|t}. A3 of A
B-pinenef|A] cyclohexane (dry) > cyclohexane (50%
RH) > 1-propanol (dry) > formaldehyde <92 SOA <=
&3 ROOH =&°| 4=t} (a-pinened| -9 573
Feo] LA el EAIste] FAA = ou|7} ¢l
Aeh. ol= o3} ol A¥E 4= Qlth. [HO,J/[RO,]
7} 2245 SOA $&0] AAEH, |42 HO,2 A
d%= ROOH:= 370l EoF SOA7} ¥A] &stal
RO,%} HF-842 functionalization7} EHA U9
Fukg o] w2 ROOH (peroxypinic acid)7} AJA = o]
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R
A OOH " 00 d F{_/oo>_R
H* 1 2
R R N S
Qrganic o HO HO>_R2
Hydroperoxide Aldehyde Peroxyhemiacetal
(ROoH (Dimer) Trimer
0O OH
.
B o] / —
~ + o w OH Rs w Ry O
R3 Rs
Rs R; OH Rs O[ R;—<OI
Aldehyde Diol OH . OH
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¢ O OH OH
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d (Enol) Aldol Dimer Trimer

Fig. 8. Acid-catalyzed oligomerization via peroxyhemiacetal formation, hemiacetal formation and aldol condensation

on aerosol surface.

SOA7} Ht}= Aojth. o 7] Al ester channel S 112 =
A ke, Etd oz & ($9] hexene?]
ol &, peroxide channelo]A] OH &< 23~53%21t|
H13}, ester channel & OH 48] 0~10%) (Kroll et al.,
2002), TDPBMS #-4]0]| 4] thermal desorption profile
o] k= ester 4= ROOHS} aldehyde”} A
o] A7] peroxyhemiacetalo Al L} AL HYoz
A ester channelo] o}'d-& A3t

o] A

3.2 Heterogeneous reactions on aerosol
surface leading to oligomers

222 ooj2F FHOA oligomer AL Z SOA
71 € 4= )88 u3l AL UCR 38} Ziemann “1E2]
257 Ay 932Q0d)|, 1-tetradecene®] 2= linearo]™
olFAdo| shytel gli= @<t alkened & &7} wE
SA|7]H, ol A A H QF=0] organic hydroperoxide
(ROOH)7} A/ ¥] a1, o] Z ] aldehyde®} Z7}sto] 2
o] wjL F& peroxyhemiacetal o] 2h= dimerE THs
o] A= oligomerZ WHEHL g th(2F 8A, Tobias
and Ziemann, 2000). o]& t)7]|o] Z-L&3|4 monoter-
peneo] =31} ¥hgSHH, Yol A H ko] ROOH7L

SOAQ] 4 Hld] TDPBMSE %3} peroxyhemiace-

tal form 2.2 ZA S = th(Docherty et al., 2005).
UNC tj8} Kamens 1E9] AR Ay dAFolA
glyoxal, hexanal, octanal, decanal 5-2] aldehydeE 7}
2|3 ool ZE EHAA FAHEE SOATES Y
=, o2& 21 °l A i (Z, (NH,),SO,2 seed
particle2 TRIA|Z] & S Hrlste] AHAES THE)
SOA $=&9] $7}gHE Bkl =, acid catalyzationS %5
3t SOA AL Hoj&E Aolth 183l FTIRZ SOAE
E 4314 O-H, C-O-C, C-C-O stretch7} i3}l C=0
7} ekl AL Ho]al, o] A o] hemiacetal AJA (LH 8B)
EL aldol condensation (18 8C) ¥H-g-o] Uoji}A]
oligomer7} E= A Y-S oJu|stctJang er al., 2002).
Paul Scherrer Institute (PSI) $15-4~2] Kalberer ef al.
(2000 EAA 7)o HEAZ AET B AT
£ £ +=d], AVOCSl aromatic compound (1,3,5-tri-
methylbenzene)S OHL} HFE-A|7A AYAE carbonylo]
heterogeneous reactiong E3 EA}5Fo] 2 1L oli-
gomerZ HTH= A& Flo|#o] &3l AFEA 7| (laser
desorption ionization-mass spectrometer, LDI-MS)=
ZHh ol RS 2A F 7 ool zriu), shis
BApo] Sl olibriE Mo Felt Ao B2
T A], Jang et al. (2002)o0 4 A= SOA7F L=

J. Korean Soc. Atmos. Environ., Vol. 32, No. 2,2016
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oligomerd2 mass spectrometer2 =43+ Exlgo 2
Z3t Ao|tt. gHH, HEEA] seed particle©] acidityS
7FAoF SHA] = G2 ESTh E shbe Sl 71edt
aromatic compound®] 3t Odum ez al.(1997)0] At
3k SOA =& o] &0] A F oo} Flth= Ao|t}h. &, 7]
A-AA FHjE 7IREe R St HERE SOA 89|
AA Rt FA AFEEA, RS Y3 oligomerization
o] E3gtr|ojo} gtrt= Zl o]t} Kalberer et al. (2004)2
E3F A8} obd oligomerizationo]| B2 of| o] 2Z0] 3}
312 2A4Jo] BH7] o] 318 S4 (optical proper-
ties), 54 (hygroscopicity), +5-&23 7154 (cloud
condensation nuclei activation potential) 5| %F&S
uH 7|33t Ao 4] a2 AAISA
Isoprene®t OH ®Hg-0] HAEZ 3.1.4004 AFeH
AAYE NO 7} 912 w acidic aerosolof|A] oligomer7}
Eo] SOA7} AJAJ=th(Surratt et al., 2010; Paulot et
al.,2009; Limbeck et al., 2003). Y} isoprene 2 Z 5 ¥
SOAS) A4 F15AL ol f7] oloizEe] 74
AE Zo]|A 2-methyltetrol 53} Zro] B4 57)9f iso-
prene?| 7|72 E Zh= S4o] WAEHA A7
t}(Claeys et al.,2004). 28|31 AR AW L5 5
3] o]& 2-methyltetrol 53 22 S22 I3 794
50| acidic seed aerosol EHOA epoxideZ} acid
catalyzationS AX|HA AYAE+= Z3 epoxidet 2-
methyltetrol 52 47 oligomerE FAStt= AS &
o} 913 (Paulot e al., 2009), o o] 2E0] FhAke B
3} organosulfateS A5 oligomerZ WA =
A= AL Y5 TH(Surratt et al., 2010).
Oligomer: oFY X]qt alkaned} OH HE-g-o|A] 3.1.3
oA At AXH oojzE EHA acid catalyza-
tiong FojA Lol F2 ABAPEC] AA SOAT}
2 = 9tk NO 7t &A8k= 2794 alkane™} OH §t
29 BAE F 50%7} 1,4-hydroxycarbonylo]th(Lim
and Ziemann, 2009b). 12|31 13 404 HZo] 14-
hydroxycarbonyl2 ofo]2F FHOJA] acid catalyza-
tionS 3} cyclic hemiacetalo] Et}. =, OH (hydroxy)
%37 =0 (carbonyl)©| HH3-5}4] hemiacetal®] ==
ZQ1H (2™ 8B), 1.4-hydroxycarbonyl &2} oA o]
Fo12)7] wiizof cyclico] H= Aolch HAE ooj=
Z£9 #HZ OH% NO,¢| Hhgoz AAQE HNO;o|
)3 Aol o] 2 Q13f acid catalyzationo] ottt

a7 A 2 A 2 &=

3 o AZAH(Lim and Ziemann, 2009a). Cyclico] &
URtH O 2 lineard wEoh FIgo] adh &
£, 25°CoY|A] n-hexadecane2] Z7]4-2 0.36 Pagld]
cyclohexane®] £7]¢42 0.04PaZ 1/10 522 T4
3} tH(Lim and Ziemann, 2009b). Z&d] C (oA 1,4-
hydroxycarbonyl-& Z7]¢to] 0.012 Pa¢ld], cyclic hemi-
acetal> F& 407X 107°Pag2 ZAE QT 1 o]
OFZ] uF& 2| x| &FQFA| Tk, cyclic hemiacetal- > AR 3
Hoj| A ghgo] AJZE wf A2 A== SOAolH, ot

2 NFEY YE) BulE FUAGT B 5 gt

3.3 HA5}5t (aqueous chemistry)

& 7] doj2&Y 8 & F sholth(Sein-
feld and Pankow, 2003). Yul& o2 Zu|N|HAE= &
713F3HE 9 E7|318HE (nitrate, sulfate, ammonium
5)o] &3 FH 2 & (liquid water content, LWC)S
ZgFsta vk FEL e & ol e =2
ooj2Fo|tt. I ER o] £ WiAE s A4
3}ehkg-2 SOAE oldiste d & 2adt d+to|th
ool2Eef #& Aol tristetge] X FF
2 Ao s AR AW = Liggio et al.
(2005)0]2t & 4= gl=Hl, Jang er al.(2002)¢] FFZ
o} seed particle®} S =0 W2 glyoxal uptaked =
ARtEth 28 =2 AHEE(2F 90~100% RH)Y of
= A (2F pH —0.5)Ql seed particle®] glyoxal uptake
coefficient (y)7} pH 6 wj 2} 3ul) 7}5F =R 9, oF
50~60% RHY wj&= acidity®} glyoxal uptake] AFT
A7} B2 9k =, 55% RH, pH —0.732 o y=
29% 10792 60% RH, pH 7% 1] 2.3x 1077} 8 3}o]
7F ik 2312 y= acidity 2ot Fig=ot o A
HAE EATH F,50% o]4 RHY ¢ v &F 1x107
ojm, =3 W (11% RH) vy 8x 1072 ot of
+ acid catalyzation® 2 213} glyoxal oligomer7} &&=
ARt oo]ZZ0) g-HH LWCO| glyoxalo] Henry’s
law equilibriumo]] e} &3] == @A4do] o Fazgt <l
Z}9l& oJu|stt}. Kroll ef al. (2005)& AR 1 AHE
0]-835}9] glyoxal ©]9]2] t}Z aldehyde (formaldehyde,
octanal, 2 4-hexadienal, methylglyoxal, glutaraldehyde)
2} ketone (2,3-butanedione, 3 4-pentanedione, hydroxy-
acetone)©] seed particle®]| 4] acid catalyzationg A
SOAZ} A== A5 +3F =, glyoxaltt A 2]t
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3 SOA7}F RAE A 9kttt 183 glyoxal] SOA AY
A= acidity@} Aol glith. (NH,),SO, seed particle
ok B, [glyoxal]; X [seed particle volume]; ([glyoxal];
=initial gas-phase glyoxal concentration in ppb, [seed
volume]; =initial seed particle volume in pm’/cm’; Z,
o|59] F& seed particleo| Eulld 4= Q& 7|4
elyoxale] T2 Lrepdicho] what QIAH4% (particle
growth, pm’/em’)0] &2 AT (R=0.9469)5 7}
21 APHoB 27} (y=0.0015x — 1.2027)5H=1)],
o] 71&7]7} & Henry’s law equilibrium< e
Henry’s law constant7} 2.6 x 10’ M/atmo] Et}. AlA|
glyoxal2] Henry’s law constant:= 3.6 X 10’ M/atm (Zhou
and Mopper, 1990)2.2 T2 A9 10087} 7}t Al
A, ol = YEEFT FAE o] ZoA A7 ionic
strength2 Z2& X|%ith. 1 3 Ip et al.(2009)-2 seed
particleZ NaCl, Na,SO, 5 ARE-35}9] glyoxal2] Hen-
ry’s law constantE &% =4, NaClo|| A] ionic streng-
thE 0.05MojlA 40MZ Z7FA]FH =Y = Henry’s law
constant= 1.9 X 10° M/atmo| 4] 8.5 X 10° M/atm .2
£9%13, Na,S0O,9] 7 ionic strength7} 0.03MY ],
24x 10" M/atmo.2 ¢FojlA] A3t Kroll ef al. (2005)
of gk A2 vizstt 5, gole) FRel wet
glyoxal uptake7} FFS o2 2 o= glyoxald} sol-
vent anion AFo] 2] A& 280 9]3) salting-in E+= salt-
ing-out®]= @Aro 2 A3t th(Lim et al., 2010).
Henry’s law equilibriumo] 2]+ SOA A2 Volka-
mer et al.(2009)9] A&7 AW Ao A & HojF ).
Volkamer+= A Mexico Cityol| 4] differential optical
absorption spectroscopy (DOAS)Z &A%t tf7] u]A|H
A % glyoxal FEFko] 22 (Master Chemical Mecha-
nism v3.1)Z2 o|&3t ZrHE T} 2k, glyoxal uptake EAF
& Tejstel WRT 2HgH & YNGR Bslg
t}(Volkamer et al., 2007). Glyoxal-> 3]drA]o] =7] )
ol Az Adejoll A= uptake (F, 714- A 2Hl)7F
AojypA] =ttt 2= UCR tgte] Ziemann 15 2]
287 e JHEEE 16~88%= 2HTIH,
seed particleZ ammonium sulfate, ammonium bisulfate,
fulvic acid, succinic acid, humid acid 52 (2% 27)
oldE ) AHER =Tl SOA & (5, glyoxal up-
take)©] A& o] WE seed particleo]| ZgHE LWC
9] oFo] u]FSFATH(Volkamer et al., 2009). SOA 4~&

I LWCE A #TA = A= Henry’s law equilibrium
olth. oli= AHA| W79 mAHA] EAAE ek
=, vl= &7 Atlanta®] vlA|AHR| o= 84 F7
sletEdo] Wotal, o] 59 & LWCY Fof st
&t} (Hennigan ef al., 2009). A 2|3}, o2& W
oA doji} H]F A HHS- (heterogeneous reaction)-&
acid catalyzationo] @R[k, acidity7} E25+F oligo-
merS o Bol el AL ohh. ol glyoxale]
dimerization rate®] pH7} Zold4E 238 E A=
AgAytz = At (Fratzke and Reilly, 1986). =,
SOA AA oA acidity effecti= 2Z]3I (minor), Henry’s
law constant ((E= solubility)7} % (major) 21&}o]|ch
(Lim et al., 2010). 19 1CoA =84 47 |sdE2
solubility®]] w2} LWCE} Henry’s law equilibrium<
o %0] Ru| (EL uptake)E|0i, ool 220 Y 7]
o] (inorganic ion)T} complexE O] FHA] salting-in
effectE L7 uptake7} © Z71€th 2 HH aque-
ous chemistryo]] 2]} uptake7} 712 4 Y27 =,
Henry’s law equilibrium®| aqueous chemistry®] 23}
A] uptake Z0 2 o]% (shift)d 4 A=7}? Glyoxal?]
7% acidity® =9] oligomerization rate2 77X Z
T AT, glyoxalo] oligomer7} & 7%, guk-3-©
2 A glyoxal2 EojA LWCOA FEsir]= o=
AoZ 2w A 7F9A A E (reversibility test) 22
25 A th(Galloway ef al., 2009). o] 3t v 7} A (irre-
versibility)> Z| 2ol vl WHRHE=A S 7]
o2& A= LEFGTH(EL-Sayed ef al., 2015).
OH 41-g-9] 79 Henry’s law constant= 1 X 10’ M/atm
Arz F7tsto] A o] (sulfate ion)oll &gt F7}
9} ¥]=5H4| YElytth (Ervens and Volkamer, 2010;
Volkamer et al., 2009). Th& 0.2 o|EA 484 §7
3RtEo] HA oA OH ¥hg-% sh=A] A H et
Rutgers tJ8}+9] Turpin 152 th7] Fol A=
|4 F713RHEY Aol FobA] v AJEA
 71A4-4A Rl GofubA] AR Eofl & =7 o
2ol FEolu 7ol Foba] 4 wk-E-E 53 SOA
7} 848 4 oke 7H8E Al-%-3L(Blando and Turpin,
2000), th7] AFSHA] FollA EollA §HEde] Sl= OH
radical?} 874 F7|3ES AolA WHEA7I=
ATE 93 A1 A YAl reaction vesselS ©]-&
3} T} OH radical> Henry’s law constantZ} 30 M/atm
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gholl =2 gF7] q2, th71ek 2ZelA s 1x107°M
oA 1x107°M FET Eof & 5 AT o] =
25 484 $7150ES 383 AL 5 Uk
H,0,Z 254nm UV lampZE ZE3|A]A A OH radical
U= & glyoxal, glyocolaldehyde, pyruvic acid, methyl-
=3} Uk A|A AL WAL 382 AL elec-

trospray ionization-mass spectrometer (ESI-MS), ion

glyoxal

chromatography (IC), ultra-high resolution Fourier trans-
form cyclotron resonance-mass spectrometer (FTICR-
MS) 522 EA3}th(Tan er al., 2012; Lim ef al.,
2010; Perri et al., 2010; Tan et al., 2010; Tan et al.,
2009; Carlton et al., 2006). o]uf] 2 XA == oxalic
acides -5 LEA HIB7|E B RFT Sl A
oz HEEE AR, FEA 84 f71%
=°] OH ¥H§ (photooxidation) 3 /= A=
& Hoj&Eth(Sorooshian er al., 2010). E3F, glyoxald}t
methylglyoxal®] =7} FEA2] &% (2F 1~100
uM)Et} =S o, organic radical-radical ¥H-g-of 2]3|
oligomer7} AAE-& FTICR-MSZ &35+, o]
AL LWCO A oligomer7} A = HAUZSOZ A
+&k 4~ Itk (Tan et al., 2012; Lim et al., 2010). 1]
o/CE *]’93%111], glyoxal, methylglyoxal =5 A3
=59 AL 9F 0.7~19|}th(Lim et al., 2013; Lim
et al., 2010). o]= t)7]of] AR ZA5}= SOA & O/C
7} &2 low volatility oxygenated organic aerosol (LV-
OOA) (Jimenez et al., 2009; Aiken et al., 2008)0] HAF
sets AA AYE 4 UES AR (Lim et al.,
2010).

A7 2270 HHE 0]&3te] SOA7F VOC
ti714bstz whejeby AdEol A7 5 71A- AL &l
HBAE AA FAEAY (Y 1A), acid catalyzationo]]
9J3f ooj2E FHOA low volatility AJAE0| 7
U oligomerization®] -+ Z (23 1B), 18|31 HA}s}
e B3] AMEE A2 AmEgtaY 10). E 4
£ Q7719 SOA A7E 2@ Aol

ox R NN

N
o9
Job
rf
4

3
g
=2
=2
o

HA

AR A 25 B4 F st d7]o]A Lofrt
£ zulARA ) A4 wB1E ol Shikgt

a7 A 2 A 2 &=

23 S Hste Aolt olFA &2 d7ist
48 iﬂl*ﬂ“ﬁli g Aylede st o
g @35t (Kulmala, 2015). 5231} =S
n_— omor SECE R PR ETe
SJshA, (1) HEZA 19409 o] F2 Az UH LA
285 vl=o] ofgA fAHRA=AE AHEL, (2)
Soplo} vAEA BAIS 25| g A= Ay
AF-E A3t

4.1 LA AR

LAo| H&o2 AR7F Jepd AL 19404 ) 23}
AIANE Folgdeh D= 429 s 340l 9
o 2x37F EASTh A FA|RE, T o] 2= (1970
ddjollie) 22371 glojAA] ghgtar, 528 e, «
Z}= (eye irritation), 5 &3} (rubber deterioration) %
2 4oz} Caltech T8t Arie Jan Haagen-Smit:=
o] 2w 77} aldehydes, peroxides, organic acids 52]
BAES 7H= o222, LA A9 443t o 7
2}7] S7he NO, 9 VOCs 59 33} ¥k (photo-
chemistry)ol] 23] B h= 22 ¥a Wt (Haagen-
Smit, 1963; Haagen-Smit et al., 1953; Haagen-Smit,
1952). 13 9% Haagen-Smito]| A|QF3t 33}8t HE-g-0|
o & AEA 71714 SolX WEE NOE )
(photolysis)=|©] NO&} At4UAHOP)R2 H 11, Abagd
Az H7] 5 AR 0,9 st 2 Eo] Hr
o|gA st or 7 &L vjE&H VOCse} vt
$3}o] F3liSt peroxides, aldehydes @ acidsE A 433}
o, o] 59 Lol B Y ofoj=2E, & 227t 5
+ ZAoltt. California= &2 £A41E sj2st7] Ak
A 7HE & 99 A5A HiES FASOF = o
11, 19609 % of] Motor Vehicle Pollution Control Board
(MVPCB)E A3} tj7]AAH (Clean Air Act)S
AZgsto] 227 Z74A Q) EAYS ¢RI, 1966H
o= MVPCBZ Air Resource Board (ARB)Z &5}
o] 217 AL 98] Haagen-SmitS 2o oo =
) H3}t 3 tt. Haagen-Smits= ©ed] L 2WHS A8
£ o] oz NOSIA SRt tlsthig el w

FsAE QFal Tk old 18] o2 No,
S oeE AAAES FHEZ (e.g., alkylnitrates)
TAISH= W&ol 1970 717384 ol Z e et
(Pitts and Stephens, 1978).

o jg rln r
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Table 4. Smog chamber studies for SOA formation.

Precursor organics Reactions Institution (Reference)
UCR (Lim and Ziemann, 2009b, a, ¢, 2005)
Alkanes OH Carnegie Mellon (Presto et al., 2010)
OH UCR (Matsunaga et al., 2009)

Linear alkenes

NO, UCR (Gong et al., 2005)
1-Tetradecene 0O, UCR (Tobias and Ziemann, 2000)
UNC (Jang and Kamens, 1999)
0O, Caltech (Cocker et al., 2001a; Griffin et al., 1999)
UCR (Docherty et al., 2005)
a-pinene OH Caltech (Ng et al., 2007a; Griffin et al., 1999)
Caltech (Ng et al., 2008b; Griffin et al., 1999)
NO, EUPHORE* (Spittler et al., 2006)
Mono-terpene NCAR** (Fry et al., 2014)
o Caltech (Griffin et al., 1999; Yu et al., 1999)
3 UCR (Docherty et al., 2005)
[-pinene OH Caltech (Griffin ef al., 1999)
NO Caltech (Griffin et al., 1999)
? NCAR** (Fry et al., 2014)
OH Caltech (Paulot et al., 2009; Kroll et al., 2006)
NO, Caltech (Ng et al., 2008a)
Isoprene
0 UNC (Kamens et al., 1982)
} EPA (Kleindienst ef al., 2007b)
Caltech (Kalberer et al., 2000)
Cyclohexene O UCR (Ziemann, 2002)
Aromatics OH UNC (Jang and Kamens, 2001)
(Benzene, Toluene, etc.) Caltech (Ng et al.,2007c; Odum et al., 1997)
. . UNC (Jang et al., 2002)
Aldehydes Acid catalysis PSI (Kalberer et al., 2004)
Glyoxal Aqueous chemistry UCR (Volkamer et al., 2009)

Caltech (Galloway et al., 2009)

*European Photoreactor in Spain
**National Center for Atmospheric Research, Boulder CO in USA

0(3P)

voc
NO, NO O,
0,

\7/

Peroxides (H,0,, Organic Peroxide)
Aldehydes

Acids

Fig. 9. Photochemical O, formation leading to LA smog through oxidation of VOC (Haagen-Smit, 1952).

H1% o}l Californials w13]4] 714 ti7]2.go]
g FolA|ek, AZHHHE 19709 o] ulshe xeol
5 o) Z7RLelE B75D, 0F FEE dujuch

60% 7}2F Z¢) .1 (Gardner, 2014), PM, ; =% EPA
7123 (35 pg/m’) 5 TEA| 7)1 k.
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FA7) Tx A (Huang er al., 2014). 2183 &34
A" POA = syl AEA aZH(biomass burning)
ol2EL MFAE WHo FYsta OHE °]&3t
o] 3F3}8tA 02 =3} (photochemical aging)A]7|= 2
23 Y AdE 3l SOATH AAES HRth &,
Huang et al. (2014)2 o] A2 o]Qjo] th2 AHRZZE
SOAZH AT 4 9L A ZelHEA AR
ol FAHA (S0, FAMA (NO,)o| o] &5+
7 24712 B9 A= Eobd (B oF 60% RH,
Z]31 90% RH ©]A}), aqueous chemistryE £33+ SOA
Y TP arka Shich gl A A EgkEol
aqueous chemistry & A7A|= 84 RF713dEo|t
23B Fobol oo +84 V18R e
&Y HFo] §lojof gttt 2ulAHA] =71 &
A o)A mist chambert} PILS (Particle into Liquid
SamplenE 3 +84 F7I1gtEs 3t &4
& 4= Qlth(Sareen et al., 2016; Hodas et al., 2014). T
3l, isoprene®| L} aromatic 3HE 5 BVOCs, AVOCs
HE7F 7)ol A NO, 9o F3= 2
= ¢844 f71EREo] Bol *EA*E]UE(NNTHHO
et al., 2010; Ervens et al., 2008; Fu et al., 2008), ]S
AET A ABE B L4 VOC HZt 27}
WAE S84 $719T8E) ABVAS & > 9
t}. Aqueous chemistry?] AA|Z WSS AuH7] ¢
A= HEAQA 84 73RS glyoxals IH)
Z AFAZ AHESEAY (Galloway et al., 2009), 333}
stz o 2 WrAY A A A (Volkamer et al., 2009) 2R 1
W A7 AT 5 Qo0 ATAE
glycolaldehyde 502 v}Lo] gt 4=

methylglyoxal,
it} ]2

a7 A 2 A 2 &=

Turpin 12| reaction vessel AF 02 o]t
59| OH W& YA, ooi2 & 4
densed-phase®] thafjAl= o2 o7} éo]—uﬂ oS
Z3) dj7]=AolA aqueous chemistryS E3F SOA AJ
AL =% £ Qlth w3 X2 AR xﬂu—] A+ (Ehn
et al., 2014)9]| W=, organic hydroperoxide (ROOH)
7} extremely low volatility organic compound (ELVOC)
24 SOA Ao $83 &S sh=dl, A aqueous
chemistryS £t ROOH YA 37} flow tubel cu-
vetteS o434 ks A Folm (Li er al, 2016;
Tong et al., 2016; Badali ef al., 2015; Lim and Turpin,
2015), ol= FF 7|27 olA SOA A9 7] =¢}

A3} (evolution)S &7 Yot A1 Y] AFLZE 0|9
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