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Abstract

An experimental investigation of the gas-phase photooxidation of toluene—NO,—air mixtures at sub-ppm
concentrations has been carried out in a 6.9 m®, indoor smog chamber irradiated by blacklights. Measured
parameters in the toluene—-NO, experiments included O;, NO, NO,, NO,, CO, SO,, toluene, and air temperature.
The initial toluene concentration ranged from 225 ppb to 991 ppb and the initial concentration ratio of toluene/NO,
in ppbC/ppb was in the range of 5~20. It was found that the variation of gaseous species with irradiation time
caused by the photooxidation of toluene-NO,-air mixtures depended on the initial toluene concentration for
similar concentration ratio of toluene/NO,. The dependency of initial toluene concentration on the photooxidation
of toluene—NO, —air mixtures for toluene/NO, =5~ 6 seemed to be opposite to that for toluene/NO, =10~ 11. The
arriving time at maximum ozone concentration depended on both initial toluene concentration and initial
concentration ratio of toluene/NO,. However, the maximum concentration of ozone formed by photooxidation
depended only on the initial toluene concentration.
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compounds, VOCs)o] 3ol 93] ukg-sle] o &3}
o}2 33} B2 E (photochemical oxidants) g AJA]
A71E dAelt A& A4 o]d VOCs 3ol &
Fl9] =57} 714 = o (Naand Kim, 2001), %
A BAEE WS Bl olxF R elle]ZEF (se-
condary organic aerosols)S AA3I= 53 o) v S
ot wheks 3gtE-olrt. =3, 54> OH
43 ubgsle] 058 A gAEtER M-S 7]
Be A WA 4 AT AHFAT 74, 2002).

A7) FollA VOCs9} NO = OH eezs} Mz
AAM oz WhEsld, gubH ez VOCNO, 5=
H|7} ¥ 7% OH gz 52 VOCse} 1h-g-3}
31, VOC/NO, 5 =8|7} w& 734 OH g2 NO,
2} $AEA wk3Ee §4 VOC/NO, g x=H[oA
VOCs2} NO,= OH =}v)z3) ¥4 £5=2 ule3)
ok oS S, W7] Felld AAF A4 W3-l OH 2
oz NO, ¥h-9] 24 &= AeE of 1.7x10°
ppm~'min”' o] 1, ®A)¢] HF VOC F=F 2{s}e]
VOC-OH Ht-S &= A543 AAkstd o 3.1x10°
ppmC 'min"'o] 22, OH-NO,% OH-VOC &= 4
= <k 5.5: 1otk & VOC/NO, 3 5H] (ppmC/
ppm)7} ¢F 5.5¢ w) VOCS} NO 2= OH &jc)zs} 2
& &=2 WY ¥=A7k 55 oI5kl A4 OH-
NO, ¥t A3t VOC Ak =}A (oxidation
cycle)sllA] OH eejzhe Aske) e2e) 4ol =)
QH L, 2 g =n]7E 5.5 o)Al A5 OH =z
£ VOCseh ©  uhgah s -Ten W,
VOC-OH ¥4, NO,-OH 93 § %4% 228 %
shod 9o AT uE, VOC 57t 274 o) £
& FEL A¥He= A g3 Fojal voc
TRl dsle] &0 Hdz AAHE EA NO, 5
=7} &) 3k} (Seinfeld and Pandis, 1998).

A F7HA] BFollg v E3 WS gh3lpae] o
A 57 Aolzd A B} A7 2m AN
A3e Eg we] o]=o]zx] ) (Atkinson, 2000;
Dodge, 2000; Forstner et al., 1997; Odum et al., 1997).
Jang and Kamens (2001)3%= |-propene3} NO, 7} 23|
& v 7] 34 F =7} 148ppme]iL, 27| EF
Q/NO, =x4]7} 18.8 ppmC/ppmg]l FH A EFa
o a3k gl s AMHE olx 71 ooz
Z3 7t2A A ES AASEH. Hurley er al.

stz 7|2 E | A 20D Al E

QooNe BRde) s wes desle Pu
°] ZF (OH, NO;, Oy)el] w2 o]z} f-7] o] 229
Al s dFste 27 B2 F= B &
R, 2E) EAE oA 7] edleizEe] AA
JEE A e F83 AAYE ST ol 52 2
] E3 ¥%7} 08~132ppmoln 7] EZ4
INO, =87} 1.4~17.8 ppmC/ppmel Z7o| A+ A
3t Odum er al. (1997)2 27] &34 =7}
0.692~0.839 ppmo] 3, 7] HF/NO, 4|7}
6.5~23.2 ppmC/ppm<el FAA A&3tF e} [zumi
and Fukuyama (1990)= %7] &% 32%7} 0.89
ppmelx, 7] EF4/NO, ¥ xH]7} 31.15 ppmC/
ppm¢] 27|A] AT} Gery et al. (1985) =
7] B2l %7} 12.6~24.1 ppme| I, 27) Bxal
/NO, 3587} 11.1~19.6 ppmC/ppmel FZol|A] Al
LT

A BT BFA o3} 57 Aoz el B
L ENICES PENEC TR S
ppm o441 27N SRS, 27] BFANO,
FEdlvh gebd o 27) 294 St 0F 44
5ol Ak} wgel wlAE sl AeNE 2 o
A 9= ot

wetd 2 dpeAs 27 %9 $=7F 1ppm
o]tz W& ] A Aw AHE o]l EF
o) akst wkgA] 27] B = 27 B
l/NO, *5=4] (ppbC/ppb)7} 7} 2A9) = ¥
3 9 oEe] AA Aol nXE S AF M)
o} &, 1998137 19992] AM&A A%F F=(64
ppb)2l °F 100wel 600ppbE 7] EFA Fx=
71&o® AASl3 (Na and Kim, 2001), 7] &5
/NO, =582 47}X](5~6,8, 10~ 11,2002 AA3}
% E=2ql 2%} 9 200, 600, 900ppb=. THE W =
Falo] Faks} ubg-o] A z=ARKA. 53], A4

T oEe A = ¢ A v=o =2 Azl
A ek FHE F 7|1E dFE e} vt
o} AEe Q1 ZAS 25% (DO6R20), 100% (AO2ROS,
AO6R06, AO2ZR08, A10R08, AO6R11, AO9R10,
AOIR20) A& o 77 13], 73] s3tdct B A7
& F3el P QL o3} 7] olelzE) A4
47k Akl HE AFAHE =] =i 7)&3
At (eledn] &, 2005).
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m* (19X 1.9 1.9m)e] HEE FEo= A2s19]T,
g2 v mEz/Rse] vl 32m 7 eoh & -
= 2Ao 15d F9F Hel 2w ANE AH
gl om, AAA
Vel HEE 4 =

Ql

2 AT 794, BF
A4 B EAE 2T 244 W 4 =
Hgoz % 0)9) T2 BE Lo 290

(blacklight, Sylvania F40/350BL,
At 7] 1ol 279
MM eom 2828 o] F=g 2
=71 Ao Fedel Mo AAlste] $A’7 NO,
o B A4 ke AFFE 25%. 100% F& o
Z7zt 0.13, 0.49 min™' o] TH (FAF 5, 2004). Y=
o} p2A AAL ZAH37E F4sp
Sls) 220 Anje] o)l }AF7) FHAYE
Aetsdet. o] Anl= A2 457 8
7] Fel =34 §
o FE|, A7 FF

od Xt (e}
odEde
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9l Zo) uh-e-g o] 43l 33}
e, 47135 59 rlxA B4 ¢AE oz A

A7l g ez FAES o] Az Azxd
HAAZ7)9 £EE 0, S0, NO, ¢ %57} 1ppb
o] &}, HC, CH,, CO 59| =7} 5ppb o|3le]az, 31xt
9] g 0.270/cm’ o}dleln, x4 2xx= —15°C
o)l wi-¢ Z1zs}oh(ul A -5 2003).

NO,, B2 9 AAF7E FY57] 98 A3
b g3 Aol & 218 200 Vel =
we} 370¢) A=k 88 A7) (mass flow controller,
MFC)& sz AMsidch &, B 28 W 3T
712 )& 7% &) S2Fe] 50L/mingl MFCI (MKS
type 1159A)% o|-&3l9lal, EF4& FYe AL 2
o $8ko] 50L/ming] MFC2 (MKS type 1159A)%
o] g3led AA TS UL ARE3Y T o]
MFC22.2E] TV67x|2] BH2 <F 100°C= 7}43}
of Aol Bfaqlle] FYFHHA viZ 7B H =5 5}
Rt mfel AR FA] FEE o] 43 EFMo] UA

Bare} whgol WA o8k - L 7kaal BAle] HE 17
S22 MAE) W iz FUHES 30 NOE
Zag A9 HY f3ke] 10L/ming MFC3 (MKS
type 1179A)8 o438t d, NO& Fd37] AF
o N,& Fo] Fuu 25 7hae) ek wiAlsha
A} shodeh.

A3l E9k 0,, NO-NO,-NO,, SO,, COZ &
A3}z ¢)8] U.V. photometric Oz analyzer (Thermo
Environmental Instruments model 49C), chemilumi-
nescence NO-NO,-NO, analyzer (Thermo Environ-
mental Instruments model 42C), trace level gas filter
correlation CO analyzer (Thermo Environmental In-
struments model 48C), trace level pulsed fluorescent
SO, analyzer (Thermo Environmental Instruments
model 43C)& AHg3}sih T, 24 AN T
A 251 e olukaly] Slsted HlEE W wpet 2
Aol 24 AlA] (Sata Keiryoki model SK-1.200Th)
Aol W F919) Fleg Hska B
555 2457 Sste] A mzehzads)eR
0|23} AHAZ7) (GC/FID, Agilent Technologies model
6890N)2 AM8-3l9l 51, & o2 HP-5 (Agilent, 0.32
mm X 30 m % 0.25 um)& A}&3lge} ¥ delME
FAelt AH2F (canisten)E A-E-3HA gl
2 F2E el A4 A2stod A5 A3
CAxx B2 2A487] 9%t 0.15 L/mine
2 3387 AFF AR 500cm’E A28 7) (precon-
centrator, Entech model 7100)2 A7 25
BTEX 7}2 (Scott Specialty Gases, Inc.; ®lAl 10.5
ppm, o DullAl 9.82 ppm, EF 10.6 ppm, m-=A
# 9.63 ppm, o-FAA 9.53 ppm, p-IAAHA 9.63
ppm)E N, (99.9999%) 2. 3]A}5}ted 0~ 1 ppm 549
67 F=E T F Ard Fds AAr|=
S5t EAE AdeRY AFAE 7l =
AbZel] AHg-shsict
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4 %%+ ultrafine condensation particle counter
(UCPC, TSI model 3025)2. Z431g{vh. @ A=)
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FU% A oF 147 F BY Aele] =25 <
g A3 S~TAZ FoF shay B9 wus
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Aoz, Bl o 254 HH 0w EA s

7t ARl 7] 271 (N0 &8 A4, E74
3} NO, 5x, E54/NO, s%4], S0,% CO ¥ =, 7|
23 QlZHe] z:AR A 7}(irradiati0n time), ] <
Z 5%, 3% 50,9 CO 5% 5& Aa)sld] = 1o
v ot 2719 F4% NO, =04 NOg NO,
7} 2t2} 94%, 6% A8k}

HEE Fgoz AE 220 g e o9
el 2F ol & 7EAt Bl ol E HEE W]
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Fig. 1. Schematic diagram of the experimental system.
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Table 1. Experimental conditions for the photooxidation in the toluene- NO, - air mixture experiments.

Run number AO02R05 AO6RO6  AO2RO08 AI0R08 AO6R11 AO9RI0  DO6R20  AO9R20
Photolysis rate of NO, 0.49 0.49 0.49 0.49 0.49 0.49 0.13 0.49
(k, min™")

Initial conditions

Toluene (ppb) 2245 556.7 243.8 990.6 612.7 943.5 556.7 872.2
NO (ppb) 302.7 624.7 215.3 8782 342.1 614.9 1714 312.3
NO, (ppb) 0.1 66.3 1.8 19.4 57.3 66.7 27.8 1.0
NO, (ppb) 303.8 691.0 217.1 897.6 399.4 681.6 199.2 313.3
Tol/NO, (ppbC/ppb) 5.2 5.6 7.9 7.7 10.7 9.7 19.6 19.5
SO, (ppb) 17.3 23.1 143 62.0 272 43.6 23.1 28.4
CO (ppm) <0.04 <0.04 0.06 0.05 <0.04 <0.04 <0.04 <0.04
Air temperature (°C) 21.6 NMY 22.3 21.8 NM 229 21.6 248
Irradiation time (min) 420 400 438 336 313 450 380 367
Maximum O, (ppb) 1532 718 387 4367 543 773 2177 491
Final SO, (ppb) 1.3 35 15 12.0 6.7 5.0 12.3 7.5
Final CO (ppm) 0.18 0.92 0.48 0.55 0.72 0.94 0.15 0.71

Y not measured, ¥ final O concentration

oz AAFII A 9d 72 EAE A
Fdte] cpddt sk B HE e
39tk NOS) il £A18-2 o 04x107™
o, £ AgelA FHq NO F=i= of 880ppboliL o]
o AL AJZFE 336E-o] =2, AgEE F NO %
=% A 12ppb 7} A o= FadE S 9lch
EFq ¥y £AEL 25x107 min' o5},
B A A H B9 == ¢F 991 ppbolr o]
o z=AF AIZEE 336%c)m2 Agsle B9k B
5= Y 83ppb sl AdHom 214E £ 9l
o}k 239 Agshe §F FAks} ksl 93] NO<gk
7 =7t A tastea o]jdl o3 Fof
E Aola, HEE ol 93t £Ale] 2 AlF A g)e)
Mo Z S mHA g HAow FJdEe B
Aol M= HY &g wEEkA 9tk

).
)|\

g

¢

min~'¢]

AFHE AR WA Dol
W £=sk 45 e, Agshe B

w3s 22sle] I3 3o vfep)

A AH 27l AW F49] =71 wt

27 278 3 JdA ex=2 XA AAE] 3}
133e A7l AR 27 2R 216~
24.8°C 9]0l AFHE 50%, 100% A 735 3

o[ metslic) 2= AlA7} HEE W YR o}
o onbeE A9 o) i) wEe] AA HE
20 ¥ 2xe ozt b S AT, RAH
ex 5 3P $4 Aoz A2 AOGROS
5 AO6RI1Q) 73 2AF A8 Astel e 2w
w3t AL G AdAste} wlsatel ont, ALk
o] A et 19 3ol = dolEE AAFA %
ket

B2 W47)F 78 Fu5 0eE OH Hu2
sfe] whgoln, ojeiat whg-e 2
8] ol Folzinh. %, 7% 4o vehdl bk 2o o2
AN 24 At AASE T W )
(aromatic ring)el OH 2heizre] A7}H: W02
vy, 7)ol Al 4 AR} A7 9k OH =}
w7 AR Wk F 10% w)uke)3l, 2. benzal-
dehydeZ} AJA3=™ benzyl nitrate’} 10~12% H=
A A e} (Atkinson, 1994; Markert and Pagsberg,
1993). OH z}e|Zahe] A w8 % of 90%E A3
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Fig. 4. Possible mechanisms for the reaction of OH radical with toluene (Forstner et al., 1997).
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27 g9l $E7h BRA-NO,-37] EFE

B

3 9 k-2 OH gjvjt A7l wkg o= OH-E&
29 A7} AAEZ §7) FAE} (organic peroxy) 2
Hze] A=, o] AL B 0, Y NO, uH- 7=

o ule} g ?—_._ 3}3}HE- (ring retaining product)}
28] 28] AJAE(ring fragmentation product)e] A4
). Cresol, benzyl nitrate S-0] 18] Fz 382,
glyoxal (24%), methyl glyoxal (12%), methyl butene-
dial So] Tg] 2a] AYAE= odejx g)od(Seinfeld
and Pandis, 1998; Forstner er al., 1997).
EFA-NO,-¥7] &35 #4Aks} wh39] Unt
Mol B4 mns| Nste] 27| B2AI} NO, 5
=7} 72} 944 ppb, 682 ppbe] 2, BF</NO, ExH)
7} ¢F 1021 Z-9(A09R10) A7} Aol w2 7pAAF
2259 Fx WSS 2% 19 5ol eyl
o QFAE 2AhE A AT wfel NO et
ZAadla NO, 32 =4, ¢F 70838 NO
%t NO, s=7F F43] Wdct ofv) E%q Fxs}
sty ARl 0Fe] MM YA Az
th NO, =7} A= H&= AZ4HE 02 2xvl

2743
A1z
3715

:Lz]%) Z7}slu), NO7F A8 2% 4A2% o Y
2E »55 vehioh
Hk-g- Z7)d= NOZF NO,Z AHEE 32, 4] (1)~ (3)

o] Yeh® ule} 7ro] NO, 83 ule-2 713 QA
2] NOE AMAIA NO% 0,2 Wale AA
289 &3 ¥s Fng, & Br =5

AT
i

\

Q

T i)

§2

£

NO,+hv— NO+O (H

0,+0+M - O;+M 2)

0;+NO — NO,+0,

Seh} ERale] NO, o] 47}, 53]
(4~ A5 ol OH 2hef st Jstat who-g 3
o AE F7 AYAE (CH;CH,-, CHCH,00 -,

CcHsCH,0 +)o] 2& 2] NOE At A Ze=x A
Z & 2x7} Z71¥E v} (Tuazon ef al., 1986; Leone
et al., 1985; Killus and Whitten, 1982). NO7} NO, =
ke e E2 W YRe] 22 9 NO, gzl
RAH L, AFFE =AM 39 o5 =7 7}
1ot 222 &5 B3 dbge] o3 wheejAl
Ex 3} AAdES 9-3laL NO; gl Z-e sy 33}

B3} 9550, NO = E50-OH 37} 4423 o

3)

Ed B

A Al

2]
loo

E

FAkE) wbS-oll vl 998 - L7k EAle] Ws 21
Sgltty o=A 9o} (Jeffries, 1995; Carter et al.,

1981).

CeHsCH; + OH - = CH,CH,- +H,0 @)

fast

CH:CH,- +0, %5 € H,CH,00 - (5)

C¢HsCH,00 - +NO - CH,CH,0 - +NO,  (6)

SO,& &7]4l U NO 7k29 EER EAY
=1, AO9R10Q! ¢ 27] %% (44ppb)7} ¢lZHE
2 T oF 60874 A askA shorh
T oF 2008744 A% paska R ol
50,9 gkl AR 9P Basieh oL B
3} OH 2te)Z 5o #33 wkg AAE 3 318
2] AAEs o4#A glyoxal, methylgtyoxate) 3
1h-g-o|i} (Besemer, 1982), 4] (7)~(10)% 7] OH,

4 ml

e o2 e

-

=

NO; el stat whgd] o AAAT.
ADOR10Q] 75 QE3E ZAT F o 11083

CO7L AA=e] AF F2A CO FE7 094 ppm7
A A5
HCOCOH+OH — HO,+CO+HCOCO-0,+RCO;,

k=1.10£0.4 x 10"? cm’molecule's™ (7)

HCOCOH +NO, —
HNO;+HO,+CO-+HCOCO-0,+RCO;
k=1.4% 10712 x 18D cpdmolecule™'s ™!

(8)

CH;COCOH+OH — CO+CCO—-0,+RCO;

k=1.72x 10" em’molecule's™!

&)

CH;COCOH+NO; —»
HNO;+CO+CCO-0,+RCO; (10)
k=14x 10712 x e"180T cyy3molecule™'s™!

3.2 7| ERA sk I

Z7] BEFANO, s=v7l 5~64 o 27] 54
=7} 225 ppb (AO2R05)9} 557 ppb (AO6R06) 2 T}
& 735 Az AFel ©E NO,NO,, &3 % EFal
4 sx WHIE FAst] 19 oo Jepiglch 18
6(a)% B, =7] B9 ¥=7} 225ppbel w3
557ppbzE. °F 2.5W) ¥ H§ &5 OH =)z
o Wbl o] el o) FojH it Al %
=7} o we] Wilch &, AO6R06%) 738 NO7L &
A&} Ztaste] NO,= Wslx|ah, A02R05¢] 75
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