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Determination of HONO Concentration and Investigation on
Its Formation Mechanism Using a Continuous Measurement
System in Indoor Environment of an Apartment
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Abstract

Nitrous acid (HONO) can be produced by heterogenous reactions of nitrogen dioxide on surface materials and
direct emission from combustion sources. However, a little is known of indoor HONO levels or the relationship
between residential HONO, NO, and NO, concentrations in occupied houses. Therefore, we measured simultane-
ously NO, NO,, and HONO concentrations in living room of an apartment using continuous analyzers to study the
production of HONO (June 22 ~ 30, 2006). The 4-min average concentrations of indoor NO, NO,, and HONO were
4.3 (range: 0.4~214.3), 10.3 (2.0~87.3), and 1.8 ppb (0.3 ~7.7), respectively. Peak levels of HONO up to 7.7 ppb
and 24-hr averages as high as 1.7 ppb were measured. In agreement with previous studies, indoor HONO con-
centrations increased during operation of an unvented gas range. Examination of the observed kinetics suggests
that the secondary production of indoor HONO, possibly as a result of heterogeneous reactions involving NO, and
H,0 is associated with [NO,]*[H,O] (#?=0.88) rather than with [NO][NO,]{H,0] (+*=0.75). Three combustion
experiments at nighttime were also carried out to investigate the effects of vented combustion on the HONO, NO,
and NO, concentrations. It was found to release HONO for 10~ 15 minutes after NO and NO, source was turned
off, and peak values were finally attained. Compared to unvented combustion, peak NO, and HONO concentrations
were 3.2 and 2.0 times lower at weak vented combustion (air flow: 340 m*/hr) and 4.9 and 2.4 times lower at strong
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vented combustion (air flow: 540 m*hr), respectively, emphasizing importance of operating ventilation hood fan

during combustion to improve indoor air quality.
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FHdze diar AWF7Iedd A3e
7 F27 AAE Fo] shig QAlFHe) g}
Ads dazye s AW 37|e9e8d
NO, ¢ & A4 3stzg =gshs AW 37 A
= P Aoz AdwA gtk NO: 5 A=,
713, 3FEZ 53 2] Aol A oted g HE
o Fg A AxalsE=z 2Ed (Farrow ef al.,
1997; US EPA, 1993; Samet ef al., 1987). 43| <&
FAtel oFtd, AW QA4 ehde g8 713
NO,9| x2A =9} 5579 Agtatelo] Adst 3
Aol el IS (US EPA, 1993). =3t 7}
Aol &7)EA] 2 27N Fladds dav) T
E2] AM-E AW NO,9 553718 71X em Ay
22 2l Aoz 2AEY T (Lee et al., 2002;
Farrow et al., 1997; Sohn et al., 1995; Goldstein et al.,
1988). AW} NO,9| AZbFs=r F3F A9 NO,
o) A FEa B B2 Wek B 947
TEol A W dubHe= o 30~40ppbe] ¥
& meln, w1 100ppb% 23tk A4 slek
FROIA FhE F AR 2E8 ZA A WAL
2 24T NO, & Y 1500 ppb7hA Bl
=] 9o} (Goldstein et al., 1988).

oFAAHHONO)E: ¥i7) Hojet 2e 1 g4l %
23 OH gheize] A4l 7lolshe ¥z eid
slvk(Alicke et al., 2003; Lammel and Cape, 1996;
Calvert et al., 1994; Platt et al., 1980). HONOS] A}A
=84 B pgqae] 43 =1 HONO®| 2=
ol QA SAE AIZT} (Beckett ef al., 1995). whe}
A1 HONO2| A2)A <l 543 AW HONO 251419
EAE #7912 99 HONO s=of o3 4] da
A& AlAFRRE) gk Ql7ke] dubg oz AW F7)el
EA B £EES ¥ HONO =0l =24 o A}
43 w227 Ex] HONOE: ¥ Huo| =244l

)

it
rlo

oJape 7o, 5 7)ol o= Axel e vAY
(Beckett et al., 1995; Rasmussen et al., 1995). HONO
T AN EdHA NO9| Bbgel &3 YA 7Fsd
714 AAEES F29] 3dlto]d)(Jenkin er al., 1988).
HONO ¥ HNO;&= $%7|9} NO,¢ #]gd whe-
(heterogeneous reaction)o]l &J3le] AP AR
o] 9)ZFgjr}(Schwartz et al., 1983; Lee and Sch-
wartz, 1981). 423F F-7]ell NO,9} F91-& 53 ¥
7258 HONO %7} NO, F=2| Zhiel uhe}
Z71ale BeJ3=g o (Pitts er al., 1984; Sakamaki ef
al., 1983). NO,8} 4¥-Ate| 2] nlgdd Hb-gof ot v
AUz 0 besrsd W e AW A7 @
N 74A] gho] 48] ¥ 9lr} (Goodman et al., 1999; Brink
et al., 1998; Kleffmann et al., 1998; Pitts et al., 1984,
Sakamaki et al., 1983). ¢]& |Fo] ospd AgA
27| A NO,9} 8- 13 Whg-$ w2 7oz
ZAFE 9t} Febo and Perrino (1991)= v}#<d HONO
ARl Ao Bl FEA & Ao,

2NO,+H,0 — HONO+HNO;

Febo and Perrino (1991)8] A& x7 |4 HONO<2]
98%7} MHeRUEZHE 7Aooz HEF uiwe|
EE HNO = 2deo F3€ Az do} v o
FARE AAEAS. o] B3 NO,o =HEAS
FaE vy wsozRE AFE e HONO7E
ARGy & 4 givh vy 9 E3 A
HONO %%+ Al NO, ¥%, 37|&=, 2184,
o4 PP TR, L% Y wwol 93 A B
< 4 ¢)}h(Brauer et al., 1993). o]l Tl&ef, HONO
+ dadAe S A EA o (Spicer ef al.,
1993). Adedat oFe] F AaAbsEEA A 7
Al HONO®| &A= A =xle] 28 NO,9| ¥
AALE, NOo| v|Fd Hkso 23 HONO AA,
A3 71 HONO2| A #A1%F 5ol ojs] Jgbe o
v} (Spicer ef al., 1993). A W} g2 AY 84
oA NO,$} HONO®| FA15A Al 2]5d HONO
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Fig. 1. Principle of chemiluminescence method of luminol reagent.

= 7] e 94 egGYe) JhE 2 A 3
73‘ AA A Jehgom, Azt FF HONO i
A2 5~15ppb $F0]x]5k, 7 HONO %+ 100
ppb ¢]A7FR] ZA = ¢} (Allen and Miguel, 1995;
Spicer et al., 1993; Febo and Perrino, 1991; Brauer et
al., 1990) FUe] A$ A HONO 2R gt
2719] &, 2007; Lee et al., 1997)= wj]$- !;—751
*JEHOH 9«19—“%,51% A F71A-el Wg #A o)
F(RARAFH ANA, 2004; BAS3} 7841, 1998)3)
I e APl HONOS| Az 7 el w303
ol o <3k wjEo, ol wdt Fe)aielA] A
7dellAl HONO ZA4xt=2] &8 FeAje] A7)5x
Aot =& AW HONO sx=9| Jd¥wiz 9 Y43}
A& AHEA FEE] AeME 2447 73] =
AR AR =7t $48 HONO $4 o] o] %
o]z of gt}

2 dFlAE % ZHEo] AFs QlE ot}
E AW AN A2AEE(NO H NOy), &=, 2
Adg=el A ﬁﬂ] HONO 432 #2] AA|7to.
2 ZAste] Av) HONOS QA A& FA}staA}
g} 3 shAE Q1A ARl AXE 3] T w@)
o] Aty F ot 2ggA] AW S5
AAle s 2ABP] f8te] skadelA) da 3
#71F= ) 7FsA =el uE HONO, NO ¢ NO,9J

o rS‘J r

2.1 4Itf HONO £XHg 28t MAIZH £H
Al AR

A g7el 4] HONO s=9] AAzE £4¢ 9%
Al2ElE 3R 5(2007)9) =gel A= o] 9]

A 7184 HA 24 A1

%, 41417F HONO 544|258 3
Fo)x 3 AE olgsied, 4
2 240, 439 3 AE A
YRR 9 BARpos 7N T 4EY
g, WA RE o 10Lming] fFoz A3
ol 71lsk UApel LA Folel oJste] Alm
% 7JA4 HONOE: #h 2ieiwlz. o) 52tk 2l
szHE el 0ems) o|F Tz olFolA )
or YE#HL F7A 55mm, F4 1.55mmz F o
T4 ez so] glon] I3E T 02mme] §
S#oz Hof ok F4EAOIM QY VT4
e vhzA Yuelel Bz 2% fidAbol s 0.63
mL/min®] f¥o =z FFHY J7|A 87} A A3
s 534 d, HONO: w34 4 Wide 5
3 SHz ks F5add F4Eo A AE
FUHFZ F4¥ HONO:= UA A7k 7HH o= six-
port MHE T3 HEMEE o]FITh FARINE,
FulE g oz HONOE FA38h. o] nhy
2 peroxynitrous acid (ONOOH) (HONO+H,0, (acid-
ic medium) - HONOO+H,0)¢ Fnrl&s ul2E
(CsH;N;Op e} vb-g-& B3 A spshisge] 9
& o] &F¢H (2 D.

Fou)E wh-& B3 WES s er) Gxs
Z (PMT, Photomultiplier tube, Hamamatsu, H5784-
0% B3 L3lg oA (nitrite) 22 A3}
ek wEd spshdaee) spahe oF 350~650 nm
Helel A, AepeR 9= Hmpel
A2 Az ASHE AgHmV)d] 23
E¥ et HONO ZAA 2 AE3HA e 7 5548
of ZHATde] 2EHA(0)9] v ghoz AAbsie
om 120 ppto]c}. =t SAA| B BA AP e
o2 HONO s =3 9]ellA 5% o|a}=2 A= .

>
{>
i)
Z
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2.1.1 A|&F & ZFEZ (Reagents and standards)

BEE AJoREAL 33 = £5(182MO)R AxT
. E4892 0.1 M2) Na,HPO, (Sigma chemical)7}
AH8-H™ NaOHell 9js] pH9.252 zA i} 2uje
Alepg-al-e- | mM$] Fu)i=(Sigma chemical)s} 0.75
Mo} Fatsh}e feo 4% 2mMe EDTA-2Na
(disodium dihydrogen ethylene diamine tetraacetate
dehydrate, Sigma chemical)2 #| z %t} H,0, A <k&
-2 0.22mM H,0, (Sigma chemical)2} 0.26 M H,SO,
ol 1mM EDTA-2Nav} 63 A)lefo = A z¥}
NO,” £Z£-2 NaNO,2 A 25} 0.1 M Na,HPO,
2 HAse Aasisich ad 24 A AzmEE
Aol s wjd 77| BAE sl 779 SFA
T YA FARES ek 2E Aok mjy
Alzste] Aleke] WARAE HAadslr] Y ALg
=2 590

2.1.2 ZHA|IEZRE HONO SEH A
PMTo|A £ZE4 o] (Autochro-WIN 2.0 plus,
Young Lin)E %3 282 71238 Al2d (mV)2
oA 717] BAEAE Eria opdAalele)
=M= A s At =8 oA A
e Al 2Jsted 7]A4 HONOY| %= (ppbv)E
Wity

2.1.3 HONO X A| AE|Q| 7}Moi

HONO Z49] gl e 2e o =
M ZIAAF NO,2| ukgo 23 HONO7} AJA
(2NO,+H,0 —HNO,+HNO)E 4 gt Zev} =
A1 A AR E gA AT F w2
o] g4 Wreel Bz} Bo) ghe wojmz
HONO =3 2] NOyol| 93t 7tdasts FAF 4
Aetk ANEAE 8357 Ao APAA in-situ
HONO &7 Ax®le) 242ls A= $ns 98}
o] NO, s =1islo] 213 HONO 44 7FsAe 24t
3t} Al AHS-E NO, 3= ¢ 0~80ppb (0,
20, 40, 60, 80 ppb)e] vt Bk A=W ZFolA
249 NO, 9] 42 NO, Tzt we} ozhe] 2}
ol HYAT AT Axz e 2ok} (<0.2%).
AgHoz ¥ Q7N T HONO SHYA2F)
= AL 23 oA NO,ol| 23t artifact®] o ko]
FAIE 3 o] Fele] Heloh

Room
1.2m
‘ Measurement
g Gas range 7m system inlet
< >
<
k=]
=
Bath room g
>

Fig. 2. Floor plan of living room of an apartment.

2.2 ojmlE Al
TSP &4
A HONO 574 35304 25l A
g 329 olmlE(AEY=E: 19984, 123 $1X) AA
(2% 2, 1A 206 m%, 24 454 mP)ellA] 69 229
AGEE 64 30U A7 4% AR o]FolF
o}. NOg} NO,&= u]= TEIAF] NO, &4 A (22
42C, 7323H4): 0.4 ppb, 2HM2): 0~ 500 ppb)el] <)
S 14 Aoz 2Assch 29 Amel 24 Al
HONO z=¢} A7t He| =g dX35)7] $)3he] 4
AEe 5] ALeisich AL sg A
WatchDog (24 450)o} oj&] 1% 7tHo= =3
steik 24717 2 A AN TSP 35 24 9
3led Microdust 2% 2A7] (299 Microdust Pro,
A &A}F: Cassella, USA)S  A}-£-3193t}. Microdust 2
A7) 4 AR S o83 A9 AFe=E &
Aol g2 850nm o] Y& o] 42k, Mic-
rodust Z%7]9] #3853 AY=E 27 1ug/m® g
<0.7% o)v} (http://www.casellausa.com). 825 ¢
s Futel AAT haeleAE 39 whisk oA
gAY SRV F 24 29 E HEe Ay
Al 37 ZF shEkE A3k

7 AlollA{ HONO, NO,

o M el

. dat A nE
3.1 HONO SZo Uuls So o MMz
ZA

A2 20061 64 22 25 ~30d AR 4+
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gk 13 32 47|17 F #=3 HONO, NO
% NO,8| $=TE Uehich 24713 & e
EE 25.2~308°C2 Yepge Ad4ss 439~
13.5%2 $EHQo AR 60% o4& $A51
o 24¢ B3 7T NOY 4% HFs=: 04~
214.3 ppb (¥ 4.3 ppb), NO,= 2.0~87.3 ppb (HHF
10.3ppb) ¥ HONO ¥ %%+ 03~7.7ppb (HH#+ 1.8
ppb)E AZHAT & dFelA &8 A HONO
TET 58 Y 98 =ARYY YA
A de sxud w4 FAE Y E (Park et al., 2004;
Stutz et al., 2004; Reisinger, 2000; Andres-Hernandez

10

et al., 1996). o] Al 3As|A HONOS] 37}
HA dofutbA] ghom] AuveA Y2 W AL
£ 7] wWEeldh 13 3904 & £ 9l%el, NO,
NO, % HONO z=9] 7189 F713844-2 712
QA Qa4 DA Fhe] sl Aoz &l
o] Fit.

£27]7t % HONO$® g% (7.7ppb)e 64
279 21:00¢) 108 Eate] 7}AH QIR 7FEel] 23k
Az eyl 714 2 NO(214.3ppb @64 27
2] 08:36) T NO,(87.3ppb @64 279 21:12) 5=
7t fAZe] F F, 10~ 128 Fol] HONOS| FHargx=

9 {4 —o— HONO data
3
7
6
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Fig. 3. Temporal variations of HONO, NO, and NO, concentrations measured in a living room of apartment.
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Fig. 4. Regression relationships between NO, NO,, and HONO concentrations measured during background (a) and

combustion (b) periods.

7b &ele] Hw(Z2 6.0 Y 7.7 ppb). NOF-=7}
71 e A7 69 27Y 08:25~08:334F0) FpA
gelA di 8 Z 3oy oju NO, 2= 81.9
ppb, == 26.0°C 2 Ad4% 63.9%9}. 18z 7}
2 22 NO, 2% 69 279 21:00~21:10 94 &
2 Fo JeRdth owf NO %= 136.9 ppb, -&E
264°C Y AdEE 725%2 &R ) Gt oA
2XE £3]= HONO? #Hi¥xx= NO %ﬂth—
NOz Tt Adawed o Q% v 9L Azt
4 vk ole} e AbAlL u] A4z 2 da
]7& Fetell &35 NO ¥ NOZV HONO %% A}o]
o] ARRA (27 Hell sl YFHT dav)He
F 717h & <& A4 7H(during combustion)” 3!
“da FE2 F ol 298§ ek Az
(after combustion)” ¢ 2. Ee|dlydc) Aa7|7He =
) dL e T IF0T BT o)L=

M B 4 sl T 2% Ao AT Aol

N

N

§ Bo)7] HEert

W7es 71ZHAH 4(a)el #5F HONO 5=+

NO ¥ =9l= A2 AM#A (r=0.23, p<0.001, N=
2249)% vepiiA] ke Wb NO, Fx=oe (A

ABA (r=0.57, p<0.001, N=2245)8 R Fgo}
o] AL ¥l A4zt & A" HONOE: AW NO,
B2 EAe WA AR olL-E ov)dh d4v)
b (29 4(b)) A HONO %5 NO (r=0.38~
0.49) I NO, (r=0.56~0.73) =9} A3 A#AA
o] Adx Aoz ZAFHT oA d4r|zt F
HONO A4 NO ¥ NO, 7= Z7}¢7lxdelA 7}
&2 Aspel wet ke AR 2 F o
FOEg 92z Y “da Fr 5 A7
NO vs. HONO 3 NO, vs. HONOS] #4135 o= A+
Tﬁrﬂﬁloﬂ ek el ofx] X A4 F=

% NO,9} HONO 5x2A}0]9] 2 AFRaA (r=0.73)
T 94 F8 F AW A EA5e 22 NO, &
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Table 1. Comparison of the results of NO, and HONO measurements to other studies.

Study Combustion Measurement NO, (ppb) HONO (ppb)
source frequency Peak 24-hr avg. Peak 24-hr avg.
No source 15 min 29 17 8 5
B 1. (1950} Gas range'™" 15 min 115 27 26 9
rauer et al. -
Convective 15 min 890~1020  187~231 105~106  41~42
space heater
No source 15 min 5.5 22 4.0 3.8
2)
Braver et al. (1990) Gas range”” 15 min 37 6.9 33 8.1
Brauer et al. (1991)” Unknown 24-hr - - - 1~12
Gas range, stove.
4) ge. > R _ - _ -
Spengler et al. (1993) furnace 24-hr 60(24~115) 472~8)
Simon and Dasgupta(1995)®  Kerosene heater 8 min 5~10
Lee et al. (1997)% No source 24-hr - - - 1.1(0.4~3.8)
No source”" 24-hr - - - 0.8(0.0~2.9)
Gas stoves”> 24-hr - - - 4.0(0.0~11.3)
Leaderer et al. (1999)” Kerosene heaters” 24-hr - - - 6.8(0.2~35.9)
No source” 24-hr - - - 2.4(0.1~20.1)
Gas stoves’™ 24-hr - - - 5.5(0.4~20.1)
Lee et al. (2002)® Gas range, etc 6-day - 28(4.3~52.0) - 4.6(0.1~21.1)
Hong et al. (2007)” Gas range 4-min 81.1 - 9.3 -
This study Gas range 4-min 12.1~873 10(4.9~15.8) 1.5~77 1.7(0.7~2.6)

Note: "Measurement location: Chicago research home, unvented combustion condition; "PGas range operation hours: 1 hr (with one burner and
2,320 keal/hr); “PConvective space heater operation hours: 4 hr (with one burner and 2,785 kcal/hr). ?Measurement location: Maryland research
home, unvented combustion condition; >"’Gas range operation hours: 1 hr (with one burner and 2,320 kcal/hr). ¥Measurement location: 11 Boston
homes (winter). “Measurement location: 10 homes in Albuguerque, New Mexico (winter). ?Measurement location: four different home environ-
ments with kerosene heater (2,270 kcal/hr). “Measurement location: Empty lecture room in Chongju National Junior College, Korea, where outdoor
. air enters through opened window (natural ventilation) (summer). "Measurement location: 58 homes (summer) and 223 homes (winter) in southwest
Virginia and Connecticut, USA; 7739 inside homes without gas stoves (summer); 19 inside homes with gas stoves (summer); "*'74 inside kero-
sene-heater homes (winter); Y96 inside homes without no kerosene heaters and gas stoves (winter); 7952 inside homes without no kerosene heaters
and with gas stoves (winter). ®Measurement location: 119 homes in Southern California (spring). “Measurement location: Living room of an apart-

ment in Gwangju, Korea (May 2006).

=] ofsted AW =HelA NO9t 5¥-2| v F4
91go] )5} HONOZL AAH9E Aoz Atedth
Aoz ¥ da 9 A3zt F A =T F
3 ZAFgF NO vs. HONO ¥ NO, vs. HONO ¥ = A}
ol2] AzaAe 2lsm Ayels 4% HONO:
ZpaR QA Fhgel 2l AAulE o= A =w
M NOo| ¥] FUueE EME RRdoz 4
A55E Aeleh

£ 12 2 @7elA) 243 NO,8 HONO 5%
7129 B AFoIN <loial Ahelel vlag e}
Wk = LA BT 5 glEe]l AW DA
HONO 3= #Asp Az, da 299 24
%, G4 29 FF. A7 FHFT] Sl 9

7)1 EER] A 24P A1z

3 AF3] H3EE UEE o 5 Qi 24417 729
22 7 3} (Leaderer et al., 1999; Lee et al., 1997, Speng-
ler et al., 1993; Braver et al., 1991)¢]] 2Jsld Ale]
As 2¢%le] £ A] HONO =71 &4 &A9|
= ¢it}. New Mexico2] Albuquerquedi| A 7} 1A}
7 sk 1059 ZHelA] 248 HONOS| 2447
Hdx v 2~8ppbyit}h(Spengler er al., 1993). L&)

o

I g4 29%e2 Kerosene §|E7} 7158 Fd
EollA o2 A o] v AEe A 2

HONO *%7} &% o] ¥ gt} ALl kerosene 3]E]
7 AR 74472 24 543 HONOS|
F 9 Huser 27 689 350ppbz 2AHY]
o} (Leaderer ef al., 1999). 4¢3 Al HONO $Ei



o}vhe A B AT 5
7Pl Fhad /A EA)o o)) wel 742t 5.59) 2.4
ppbE FA ] H e} A7 24 A3} (Braver ef al.,
1990)ell & 3h 24412k 71 %2 A A9} T"r*}%}?ﬂ
Aol A4 298] 23l 9o 2 HONO
%7} FZo] = 9o}k Chicago @T_rgqow 37|
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