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Abstract Scientific analyses were carried out to determine the effect of ozone formation based on volatile organic
compounds (VOCs) at the central area of Seoul from October 17 to November 11 in 2021 during Satellite Integrated Joint
monitoring of Air Quality (SJAQ 2021) campaign. VOCs including formaldehyde (HCHO) can be emitted by biogenic, primary
emission, and secondary formation in urban areas. In this study, HCHO were collected using a 4-hr integrated sequence
sampler equipped absorption tubes including 2,4-dinitrophenylhydrazine (DNPH). Liquid Chromatography/Quadruple Time
Of Flight (LC/QTOF) was utilized to determine the quantitative analysis of HCHO. As a result, overall average of HCHO is
presented as 7.4 ppb, which is about 2.4 times higher than toluene concentrations. Strong diurnal pattern as in day-time
maximum indicates that secondary HCHO is dominant. A quarter of measured ozone could be originated from HCHO from
ozone formation potential model. The current result can be applied to reduction strategies for ozone and verification of
satellite HCHO monitoring.
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1.y 7 E(HCHO)= A 9, =47, Bl 287]e]| ot dd=
T AL BE IE bE A IEAEE dotit
224 R71 2k (volatile organic compounds,  (Agathokleous ef al., 2021; Liu ef al., 2018; Zhu et al.,
VOCs)2 Azl mhet &3t (alkanes), €3 2017). B3, A9 BE vOCse] t)7] & At} 744 9]
(alkenes), W= (aromatic hydrocarbon), ¥27=%  Z7HAHE (intermediate product)® VOCs =2 At
(halogenated hydrocarbon), &= (alcohols), &H|5|= EoM= o] AL 2 AR-E|M (Chan et al., 2019), O; A
(aldehydes), 7= (ketones)= Uz &~ QUTH(Zhu et Aof 272 ol kS Zth(Ling et al., 2017).

=
al., 2020b). VOCs= tf7] & FErFo 2 o194 HCHO 912 411850 o5t <1914 uj&, A<l
I #FHAgo] glom @ (0,) A U 22 B (sec- dhY, Aol s So g EFHTH(Wang et al., 2017).

ondary aerosol)®] MFEAR 2839 (Li et al.,  T]7] & VOCs©] BFSAS 15t 14} HiE, 24} &
2021; Li et al., 2020). £35] VOCs A& F ELdsto] 72 d zpoldbyo] olsh WS 2 Bast 2~ 9]
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578 ZMY, M3, 281N, 97|, s3], &
o}, Q191 v &2 wF, U, 4 5 ARtE ez Ql
7150 o3 29} (Luecken et al., 2018). S}#]
ok, 7] F AFEE o5 WAYsk= 22 HCHO S

Foll Aok 02 eiA ok A3 A7l ofs}
W gL x5t 12 9 23 HCHOY: 2
HCHO & 27} 20~30%, 30~50%%& *}|5t] 2%}
HCHOY L7l Atjdo g =t H 514t
(Zhang et al, 2013). 53 A o4 243 A7 2
TJrOﬂ o= HCHO®| Ayt o)fo] 22} HCHO®|™H
Zol17] fleliM= BE A4 4472 VOCcE 9
ZﬂﬁﬂoF St} (Ling et al., 2017). ©]€} BlE©], 2480
9J3t VOCs (Biogenic VOCs, BVOCs)= v 5=
A5t 54 Yeloltt 3], BVOCs % isoprene©]
AF8}E] o] HCHO =5 7FAI7IM 1'% = HCHO
= 9 R0 9RS Fi Ao JuA Ao
(Millet et al., 2008).
4% Qo] maw, Had Anea BEL 39
ppb ZAEIGT, 4% el @ Aqd EAA]
oA eF 1~5 ppb Ato] 2 EA ]I} (Nogueria et al.,
2017; Gallego et al.,, 2016; Sakai et al., 2004). E=SH 1
g2 ofEd] A 9oflA 9] FEE 12.9 ppbE AT
o8 A FHHALL, ol or Wetleo M= A
1.5 ppb, |l 13ppb2] s = FA =] t7] F 5
+ e VOCs 4257 Hlug o ez ZARE
T} (Hak et al., 2005; Bakeas et al., 2003). SFA| T, =+
tl7] & HCHO 5= £7of| tigt A= mi-%- wjH|s}
o, B A7F A9 glet olof, & Aol A=
20219 SIJAQ ZAH| 1 (Satellite Integrated Joint
monitoring of Air Quality 2021, SIJAQ 2021) 7|3t 5,

A, Ao, Bzl

A&A] Fuktoll Y11 SHEFHollA HCHO &
ARES AL8s}] 4AI 02 AN 2
o] Liquid Chromatography/Quadruple Time Of
Flight (LC/QTOF)Z ©|-&5}o] HCHOS A% BA5}
St o]2} B8] Gas Chromatography/Mass Spec-
trometer (GC/MS)Z25-E] EA5H toluene 2 AA|7H
=749 0; F==5H HCHO 17} HIE, 22 A4, 4]
A HiE =5 245k, HCHOS| 05 A4 7]91%
= A5k & d9= A4 e & Hj7] F HCHO
9] & E4& AlFstH, vOCsel| 2§t A-2A] 0, 7

Sohao] 48 4 ek
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2.¢% H
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2.1 S A Y712
2 AFoflM = AEEEA F1
9 W ARG ARz TR SHAE 2
5hod, 20219 102 174 5H 119 2697HA] Al2E
ZH FASHATHE 1). 9 w-sdo] BRI 54
27t 5H U f1AIske] 2k viER R E AHAY o
2 2ol ti7] /o] 13}, 22f AbEo] EAd Ze
TS B =44 E 201619 KORea-US Air
Quality (KORUS-AQ) &7 4ot #2 Z13elM 1
Yokt sy A A, A A AL T
71782 @ S vAHA] {9 52 HERRITH(Song

k

O||

HU

et al., 2022). T=3F KORUS-AQ FH|¢l-& =74 W=,
Slska ndl B8 st 9 glska EA] = kst

ZHo| M 9] A+ A FHSFY Tt (Crawford et al.,
2021; Park et al., 2021; Choi et al., 2019; Halliday et
al., 2019; Kim et al., 2018b).

Table 1. Results of HCHO concentrations (ppb) in previous studies.

Country Region HCHO (ppb) Reference
Brazil Sao Paulo (Urban) 3.9 Nogueria et al., 2017
Italy Milano (Urban) 1.5~13 Hak et al., 2005
Spain Barcelona (Urban) 3.1~4.1 Gallego etal., 2016
Sweden Uppsala (Urban) 1.1 Sakai etal., 2004
Greece Athens (Urban) 12.9 Bakeas et al., 2003
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Fig. 1. (@) Sampling location in the Olympic Park, (b) Sequence DNPH sampler, (c) Acetonitrile Extracts from DNPH, (d) 2™ m/z
(45.99 m/z) of HCHO-2,4-DNPH, (e) chromatography for 2" m/z (45.99 m/z), and (f) calibration curve of HCHO-2,4-DNPH

using LC/QTOF.

2.2 B Wy L 24

2.2.1 DNPH - LC/QTOFZ 0|25t HCHO £A

2 AFoA= HCHOE A% 24skAl 2,4-di-
nitrophenylhydrazine (DNPH) S2HFEE ©|-85]A]
HCHOZ +AARE A5 &2Fskoitt (Williams et al.,
2019). ZFEFS], BE AR 4XZF M0 2 SHF 7Y
ANEE A A&t AFsAlm 275 ]85t of
7] % HCHOS HCHO-2,4-DNPH G E=AE g4 2
St AFs R 7= 5 200 mlpmotol] O; &
F3H| (O, scrubber) 2 7] 5 0,2 A7 & E45}
At G288 37| -S4 (mass flow controller) |
ol U FAEUL, 574 713 B A7) /TS
7] (Dry Gas Test Meter, Bios Defender 510, MesalL-
abs, USA)°l o] Aigelstlet. Za 1815 Ak
A71E ol 4] =717} of 4 A2 ket 2R 7w
Hlom &0 2 AgE TSI F2o] g=d
AmeolFe dedos A7) 4°Cell
A YA Bt 52 9 13} 7o) Acetoni-
trile (ACN) 12 mLE DNPH 7}E 2] %o 3] &
Fo] BEAIX =, 408 3]Asto] LC-QTOFe| o5
A5k

5 ==
U o =

Table 2. Instrumental Conditions of LC/QTOF for HCHO
analysis.

LC system Agilent 1290 Infinity 2
Detector SCIEX X500R QTOF
Column ZORBAX 300 SB-C18 RRHD

2.1 X100 mm 1.8 micron

A: water with 0.2% formic acid, B: Acetonitrile
Mobile ph 0~2min:7:3(A:B)

oblle phase 3.5~45min:3:7(A:B)
7~10min: 7:3(A:B)

Flow rate 0.3 mL/min
Injection volume ~ 5puL

HCHO-2,4-DNPH =415 245H7] $18iA 22
2= (ZORBAX 300 SB-C18 RRHD 2.1 X100 mm 1.8
micron)& o]-gstgom, & 20 UJeERH 2AS E4
A QRO 858 2Tt (Nogueira et al., 2017;
Santana et al., 2017). 472 FUH HCHO-
2,4-DNPH -4 ©]-28}7] (electrospray ionization,
ESDE &l o]28}x]o] 12} o] 23} A% (209.0 m/z)
o2 MHHr} o]F Collision energy (CE)°ll 2J5fiAl
DNPH-HCHO Z&A|9] 22+ A& 5h9 (45.99, 76.0
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m/z)& 5kl TOFS Saf A&} e gt
A2FO 2 4599 m/z2 AEiEte] ZZEA5TH(Bes-
saire et al., 2018). B4 Axlo] A=AL Q&) AA &
A A=) A4 10%2] AR 9 15%2] BEAR
£ 245, 5% oWl 9] A= AL EE FAISHIT

2.2.2 GC/MS - TDE 0|&¢! toluene 24

Toluene2 245t7] 98l Gas Chromatography/
Mass Spectrometry-Thermal Desorption (GC/MS-
TD)E ARESIAT & AFtollM AH8E GC/MS-TD
of tiet 24 =12 A Aol ApAls] etk
(Song et al., 2021). 7teF5] Aot & AtoA=
24 9 9 VOC 309] & 5 toluene RS
28513t vOCs 23S 918 1A S]] oF 50
mL/min 55t HCHOSb= "X 9] AFsAl= 3
71E ol&3ste] 4t Ao s EHYPT. A2
ZFA| 2Rl (TD, Thermal Desorption, Unity2, Markes
International, Ltd, UK)Z} 7|A| 2 =ntE 1= u]-2=f
E47] (GC/MS, Gas Chromatography/Mass Spectro-
metry, GC 8890B, MS 5977B, Agilent Technologies,
USA)E 925} toluened EASHITE £4 A Y

HEZFEZ Chlorobenzene-d5& FYsto] WEES
HE ARESHTh 71710 AlerF 2 A2k
= FZPA|Z]21 320°CON|A] ©]F/d 7k (Carrier gas)
AES AE5H oF 50 mL/min -FFOZ 8 T A

£ 12 @A F A2 2 (Cold Trap) ol A
-10°C2 137 Al =g Ass 9 A4S fxdt
I ThA] 320°CoflA] 15427t 22F sl GCoflA]
A5k A9 o] 60m, Jﬂ% 0.25 mmE *P
45192 ™, Quadruple MSE &
AEFotelet. 24 B5 A5l
TABE FAGt, A=At 5
A 5o A NAE A4S SjIstglon, £

4o & 59 olo] ek AUEE A5k,

A REHY Ao kx2S A

A, Ao, Bzl

Fisher Scientific, USA)E ©|-&5}o] AA|7F BA51%
o}, 242Fs], 05 A7} 254 nm 9] mpgell A Aol &
AL o) A EAE T (Utami et al., 2021).
NO,& EA45}7] 954 ks (chemilumines-
cent reaction, 42iQ, Thermo Fisher Scientific, USA)=
AFgsheict 7heRs), NOZ% Mo Z1& 0]-835}o] NO
=74 NO =& A %5t NO, & &

e}
k=3
A5telth 54 A BE7HAE 018519 one point I

A 5 &4 Bt 1 sk o thE ST E HHY
FAste], B4 5ol 5% ol F% AUEE 9l
stk

2.2.4 CIEME3|HEA (Multiple Linear

Regression Analysis)
12} HCHO$} 22 HCHOE &
A FRA (4] 1) ol g3kt

s SlaiA v

[HCHO] = ay+ a,[Tol] + a,[Ox] (1)

7] A4, [HCHO], [Tol] < & d-of|A4] A% HCHO,
toluene & (ppb)E HWEIHH, [Ox]+= 05 E NO,
3 (0;+NO0,) 2 5 (pbb)©]t}. Toluene2 12} HiE
o AXHROR, Ox 27 A4S ANGROE A}
LEA} ay, a5, 3= 4 ANTE 5P Al
2 9Ju]otn, ag& HCHOS] B A (residue), a2
HCHO 12} HlE A5, ay= 22F A4 AleE Hehde.
AT AT AR 23} 442 ANAE 0, gly-
AHE-SFA T} (Xue et al., 2022; Lui et al., 2017;
Garcia et al., 2006). ©] Z, Ox= 7+ A|ZH HCHOS2}
F2 IS Hol 22 Bk AAGE o ® S8 E 9L
O™ (Zeng et al., 2019; Hong et al., 2018; Lin et al,
2012) & A7 E OxE &8st AP AL

H2 stk

oxal, Ox&

2.2.5 QMM Zxf=d
HCHOO| 2J5t 0, 7|82 543517] 9lallA 0, A
4 A3 (ozone formation potential, OFP)& A|415}
At (Zou et al., 2021; Dantas et al., 2020; Zhu et al.,

2020a). OFPE A4S 93t S8 ¥H-S-& (Incre-




SIJAQ 2021 Zimol 7|2t =

Z 7] w2t maximum

O, reactivity (MOR), maximum incremental reactivity

mental Reactivity, IR)-= NOx

(MIR), equal benefit incremental reactivity (EBIR)=
TEH T} (Zhang et al., 2021; Dantas et al., 2020; Cart-
er, 1994). o|H Ao A= A NOx AEHS HASH
913t EBIRE A|-8-5H 3.

Mpycro

IRX[HCHO] X ——— )
MO3

OFP (ppb) =

2 AolAE A 29] IR A AFElA AA
= ghe] Wi ghel 1.12 g Oy/g HCHOS ARE3FATh
(Zhang et al., 2021; Carter, 2010). [HCHO]+= & A
A £4%" HCHO® ‘5%, Mycno® Mo,= HCHO
<} 0,9 EBHFE Ju|$tt (Zhu et al.,, 2020a).

3.2 =

2 A= (1) A=A ti7] & HCHO®| 5% &4,
(2) HCHO®| ARl 9 (3) 0, A9 7ofdS &
A3} 2F KORUS-AQ 5= Aol A 2F 40U 7 44
7V 2¥4 © 2 HCHO, NO,, 05 18|11 toluenes &4

2% HCHO 5= U @ZM

M sk - LC/QTOFE 0[28t HCHO-2,4-DNPH 24 581

(=]

steict. 11 23 HCHOE=
2}) 7.4+3.3 ppb 2 LFERF O, NO,, Os, toluene- 2
Z¥ 25.4+11.0,21.3+14.5, 3.0+ 1.9 ppb= EA = At
(E 3). HCHOE 05 ‘5.9 oF 35%, toluene2] 2F 2.4
i =7 vebdh 9 AR ES Aol 1 wiE
o] gl-2ol = EF5L, toluene?] =7} tha &7
HX o] S toluene WA Q1o tigt A7 HQ
sl Aol e AmHEE A7 T 2] QoA 9] tolu-
ene?| HEE LR2HOIA 3.74 ppb, F7A] oA
3.93 ppb, AFFA] H o] 4] 10.61 ppbE BAIE|Ql oW, T
& A9 toluene FEE 0.9~16.7 ppbE EA =9It
(Kim et al., 2018a; Kim et al., 2018c). T Az
ol o] B toluene %= 10.00 ppb= A=t

A B Bt (£ BEH

.'.4

Table 3. Statistical results of HCHO, O;, NO,, and toluene
concentrations (ppb) during the SIJAQ campaign.

Compounds Standard

(ppb) Average deviation Minimum  Maximum
HCHO 7.36 3.27 1.59 19.49
NO, 2541 11.00 414 52.51
0O, 21.28 14.45 4.45 66.35
toluene 3.02 1.92 0.09 10.81
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Fig. 2. Time series of HCHO, O3, NO, and toluene concentrations (ppb) during the SIJAQ 2021 campaign.
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(Kim et al., 2014).

HCHOZ®] ¢, 18|24 ofey] s RHohs WA &
A=) 29t (Bakeas et al., 2003), TFE 3= T A]o] H]5|
A =2 L E U ol 12 sjE} &0 2
2} o] 7 EIS Aow mHRith 1Y 2 &
A 717+ A ] HCHO, NO,, O;, toluene2] A|AE-&
uebd Zoleth I-olA vetdiRol 1149 109~13
A Ato] -9 717k AlQlskal, F1to] ofghA|t o]
HF| A Ao g2 712 Bat} ol 0, ol F7t 1
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w2t 9k, ogtoll= Ak vilE H o)) Sk (29t
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Fig. 3. Diurnal patterns of HCHO, O3, NO, and toluene concentrations (ppb) during the SIJAQ 2021 campaign (note; error bars

indicate standard deviation).
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£ 2Eo7] flolA oA AR RdS A 1S
o]-g-5to] EAskqITh & Aol 43 HCHO,
toluene, O; Y NO, &= (pbb) & o]-&sto] 4] 1=
Atsteiet. 7L A, a), a= 247 0.16, 0112 AFEE
AL, At A 2 BERA 12 8, 13, 2%
HCHO %= 27} 1.97, 0.46, 5.32 ppb= AF=EE] 9]
o} o7 A 9 v E220 12 Hi S s S
HCHO oA el Ay} 12}, 22} 5= o] zfo|2
AAE] Aok el At 9 3= Ao] A 27
Al ()= 09582 =4 UEreTh 20199 F= 2%
HCHO =7t iAo w2 H&S Yedl= A
£ E uf], SolAJo}e] HCHOY) Hi& Yeld] tigt A
7t @ E T (Xue et al., 2022).

2% st OEARE TR 2ol g A4, 1
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Fig. 4. Pairwise scatter plot between Tolunen/HCHO and
0O3/HCHO during the SIJAQ 2021 campaign.
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2 vE2al 132} HlEo] 93 HCHO BE= A7)
HCHO % 25%% Ut FEdoA siEE =
VOCs tHE0] toluene2 EF5}L ol 7St
S A7 WS e of, A 2 HlE
A 12t HiE FEE YRR A wiEE wohEch
A HCHO % 6% & AFA|5k= 124 HCHO+ toluene
FLO} HEo] ogto] AiH o g A Yt &
HCHO % 69%7} 22 HCHOZ =7 Yehgor. &
5] 73t 12~164] Atolell 7V w2 F=E UEHTh
As) A5 AT HEH, ASA] 5T SHE T30
9] HCHO 5&7} offtict =2 2o = Yeito
(Hwang et al., 2006) 5= 424, o]JE 7ol 29
A Z4%H HCHO T3t FL7t A o & =7 vet
S¥T}(Hassan et al., 2018; Wang et al., 2017). ©]= 22t
HCHOZ} 2 o &2 27 283t 71 0 &2 pesch
PHA[EFL 2, HCHO® 2t 0,9] A4 A=
EBIR 2710l 2] 20] o5 Aitetgict. 1 At &
Aol A TEH 05 Bats 5 (21.3 ppb) ] 24%¢] 3l

R

>

L

[e]

Table 4. Results of HCHO Multiple Linear Regression Analy-
sis during the SIJAQ 2021 campaign.

Compounds Model Average Standard

P coefficient 9€ " deviation
HCHO-Biogenic & NTPS" (ppb) - 1.97 2.56
HCHO-Primary (ppb) 0.16(a;) 0.46 0.30
HCHO-Secondary (ppb) 0.11(ay) 5.32 1.37
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Fig. 5. (a) Time series and (b) diurnal patterns of HCHO from Multiple Linear Regression Analysis during the SIJAQ 2021 cam-

paign.
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Fig. 6. Ozone formation potential (OFR) from HCHO during
the SIJAQ 2021 campaign.
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