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Study on the pH Dependence of the Contribution of Aqueous-
Phase Sulfate in Aerosols Formation: On the Cases in Seoul, 2015
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Abstract Sulfate is one of the major components of the PM, s which is produced by oxidizing sulfur dioxide. The pathways
through which sulfur dioxide is converted into sulfate are 1) gas phase reactions, 2) aqueous phase reactions in droplet, and 3)
heterogeneous reactions on aerosol containing water. The heterogeneous reaction are strongly dependent on the oxidant
concentrations, aerosol liquid water content and aerosol pH. In this study, we identify major parameters that affect the
conversion of sulfur dioxide to sulfate in the atmosphere from the perspective of gas and aqueous phase (droplet and aerosol)
reaction. A heavy pollution period that occurred in Seoul in 2015 was selected as a test case. When heavy pollution occurred, the
conversion contributions of each pathway in the atmosphere were different depending on the characteristics of each case.
However, in all cases, the main parameter which affected the conversion was high relative humidity. In addition, the pH of
aerosol which mainly affects the aqueous phase heterogeneous reaction is about 2-3. At that pH, the major sulfate production
mechanism was the oxidation reaction by Transition Metal lon (TMI). In summary, this study aims to show the contribution of the
sulfate production mechanism quantitatively. The results show the aqueous phase reaction in the aerosol and droplet play an
important role in sulfate production. Various parameters such as pH, water contents of the aerosol and droplet should be
considered for accurate estimation of sulfate production rate.
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LN = apH|A 7| AL HAll} WA gke] G gt 274k
&1L S DI oI 2 ke Yol A

ZOAEA (PM, )= 9AH0] 7o) 25um olstel 0.2 BIET ST (WHO, 2006), 7] Bl A%
he e YA AT AW BESlel AAAR 2 ISAPIE Gef, QiR ZeARAE 2]
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At A, 7194 SO TR, At '
2 (Elemental carbon, EC)e} 37|84 (Organic car-
bon, OC)Z FEE+= B4R, I8 $FEOF 1}
= 4= At} (Seinfeld and Pankow, 2003).

FAE (S0 2uAHAY] T8 14 RS
T OFAITFAS] AtS} HEES Folo] AEE T8
22} A BRI (Xue et al., 2014) T]7] o4 OH2}+
O 7141 g2} Y -5 5 42 (Droplet) ol 4]
THRE AtabA oo ol Wk Fofl 2 gt
11 42 A QIh(Cheng et al., 2018; Harris et al., 2013;
Alexander et al., 2012; Lee and Schwartz, 1983; Stock-
well and Calvert, 1983).

o) 5, obje 2] EA] olR, W B Qlafo]
pH, AI7H Soll o8] 1 F8.57} 2k (Xue ef
al., 2016; Cao et al., 2013; Solmon et al., 2009; Rohrer
and Berresheim, 2006; Graedel and Weschler, 1981).
T B2 oM ddideR 52 Adsk
(Relative humidity, RH)Y o, Z0]A|Hz]9] 14 A4
2 5 oIzt AE o] BlEo] T (Lim et
al., 2020; Liu et al., 2020; Wang et al., 2015; Wang et
al., 2006). 55|, H7Lt QE7 EA] A, B4, HAate,
Al R ol 2 oA A 22| =Tt
2235 57 (Liu et al., 2015) 2} 8H4H AFSH] (Sulfate
oxidation ratio, SOR)S} Y2te] THZ Ato]e] 7}t
AL B A o) Fa4L e v 9l
th(Liu et al., 2015; Zhang et al., 2012).

PR TGl A= TRt 1AF 5 71V AR
Hlgo] e F U] pHeF AR o
(Aerosol water contents, AWC)©| £35| Q35+ eIz}t
(Hodas et al., 2014; Yu and Hallar, 2014; Sun et al.,
2013; Zhang et al., 2012; Yue et al., 2009)2 <& A )
t}. Cheng et al. (2016)-2 A /N7 Y-S wj,
AR A HEE Foll ARl ot At A 712o]
e Aok 1 712ol=tal Halstoint. 14|
Bh b AT Rt of e Aol wha, St
O] AL o2 AR, 714 24, T1Ejal o] | 7]

AV =49 vl w2t @2HIt (Yu and Hallar,
2014; Duan et al., 2012; Huang et al., 2012; Zhang et al.,
2012; Hsu et al., 2010; Yue et al., 2009; Okuda et al.,
2004; Meskhidze et al., 2003). 95 £°1, 20139 1€2]
Z= o) S o= g A+ (Xue et al., 2016) 1A
= Aol whet it A4 71208 ke S22t o
2ths AT 78 712] 7|0 wrt th2r= A2 Y

ek, ¥, 20139 19 53 o) golH A o
¢ (Cheng et al., 2016)= A =49 F= A7t
o] 3 B, 2913 YAt prrol wek Bkl
7124e] 34 S5k Fojwrt hES WAL, olot 2
o] it gL thRt 7ol whet F2 A4 712t
W71 %7 e 4 o] dilwell -2 uvhet A
o W A47F B asieh E9], o itrkA o] gty
o= WE A 22 U2 D YA W S ol

ChRt }bA] o] A7 Y= AT, o174 5] b 7] oot
e R AT W Fa kol tigt U= ot
2] u]&gt AAo|tt(Zhang et al., 2019; Alexander et

7] Z7A0IHe] A FEL FHo R U B
AFE]AL 91o] (Wang et al., 2016) ©]o]| tiet Heket ¢
77} Bastt

Seltete] %9, U] F BAGS YA ok
ko] Sl 2T 54 b B2 oF 5ppb FEL.
2 32 55 fA5kL Lo (Khan et al., 2017;
Han and Kim, 2015; Ray and Kim, 2014; Kim and Yeo,
2013), FAFE 9] FE 20003 tol] EolA ok
T4 AFE Bol1 )] it (Han and Kim, 2015).
1, 2015 Al&o] ofgrbA9] s i H2

Hdoe =51, Alske YArE ARIVH S
F=Hl (Kim et al., 2021), oF2] olo] tigh =0
2ol thiet olsfi7h Rt Aotk 2 Aol
20159 A-gofld W2 ofHi7ts Fheol: &
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| AgollA ARt sk ARE e R ot & 3}““:} ofuff Z|AVS WA= OH—‘?Jr oFgatrt

Zhao] Ao A Al 9 A F8 9 152, Aol ofgt i 0Os,

= T Yetd e vl 3 H2029}91 ARSE HE-g3 TMI Sl W2, Z1e]al 9

AHi71587 2AtaE E-8sto] it miAYUS Tl A Wl A §Eg ERE H2jof o7t o4 kgt Fd

R ST e A SHA NO,, 03, H,0,2t0] AF8} §h-g-3 T™MI Z1j) ¥
& A

Ao A& Kim et al. (2021)°]] A H viep &

iy

z
2. Q13 upy o] O}ﬂ*}ﬂ*ﬁ}s’} t B, 181 Az
& 1Efste] 34, 8, 108 HollA] 3712 AlellE A
2.1 2ACHAL 712H 2 EXtE St ol ofrtAS] e e WIS
78 12 B Ao mALE Uehd Aolch WA AATANAN 7 7k TAIHY] S 2B
23S 7o 2 Aot HPREl ISORROPIA T 5784 (37°61'N, 126°93'E)oflA] St #t=5, g1t
£ g-gslo] gAte] EAFT pHE Atelrt o) ¥ eEe R W7IRE AT A (37° 61N, 126°
Awe} vhS B0 =r 2 ggsto] Shago] B4 93E)OIA SAN ARE rHAReR sk 7]
22 7|AA) AAo ogh AL elx} U ofal uke AP AETEA(37°57'N, 126°96'E)OllA S8 7]

S 5o Lehfjo] olufo] Fa A4 71ake Jotry A W 7SR EARIA RS E8otdrt
7F A7 Al 13 o] AR EE BrRUE
Ao, At el AZF Wt FE7} 10 pg/m® o4
Corphasereasio | ol 2 geime) WsHES Bal 914 399 39 20
Aqueous-phase reaction ARE 39229, 8 1497 H 8¥ 16¥ 121,109
by deoplet 21956 109 2398 27 ARSI & 1.2 ZF A

Observation +NO,
Data sav) 05 - so, g 58 APEH0 s 9 71 221& vehd A
+H,0, ojct.

Heterogeneous reaction
Aerosol pH (Aqueous phase reaction
< by aerosol)
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Fig. 1. Schematic diagram of this study. H, F 58S 42 XrayH 02 1A} Z461 o

Table 1. Descriptions of sampling period and meteorological parameters.

Case Sampling period Weather phenomena 50,2 (ug/m3) RH (%)
Case 1 20/03/2015~22/03/2015 Haze? Asian dust, Halo 10 12~82
Case 2 14/08/2015~16/08/2015 Haze, Mist?, Showers 11 50~98
Case 3 21/10/2015~23/10/2015 Haze, Mist 18 46~97

“Haze, a visibility of between 1km and 10 km and under the 70% of RH.
bMist, a visibility of between 1km and 10 km and over the 70% of RH.
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Table 2. Description of data sources and detection methods.

Species

Data sources

Detection methods

Chemical composition of PM, 5

Metalion in Seoul, Bulgwang

RH, T

Intensive air quality monitoring station

AIM - IC analyses

Atomic absorption spectrophotometry

ASOS

SO, NO,, H,0,

Droplet pH in Seoul, Bulgwang

Air pollution monitoring network closest to
the intensive air quality monitoring station

Gas analyzers

Glass electrode

Table 3. Concentrations of OH, H,0,, and NH; assumed in
the ISORROPIA Il simulation.

Species Values Reference

OH(g) 1.5 x 10° molecules/cm? Nault et al. (2018)
0.3 ppb (March)

H,0,(9) 4.3 ppb (August) Kim et al. (2006)
0.7 ppb (October)

NH; (9) 10 ppb Phanetal.(2013)

(NIER, 2016). AIZPE 74 &89 Fhe 54
ti71e AtaolA 7HE 77k A7) SARRL
L3 ZA 4 (37°61'N, 126°93'E) | A A A2 S
2185191, (NIER, 20153, b, ¢), =& ¥ A&t
&2 7V BEE 71V AEB|SA(37°57'N, 126°
96'E)l - AT JEE S-851ATHKMA, 2015).
A 71 Fet % grol EAIstA] ¢k OHet
H,0, 1831, NH; 7%, 3 33} Zro| z}zF A3 o
o &t ate A 3} th X 304 =
OHZ2] 79, Nault et al. (2018)°|4 HI1% ZF2 AL
3191, H,0,9] 7%, 20021 ALo4 SAHH 947+ 4
T 5%21 0.3 ppb (3Y), 4.3 ppb (8E), 0.7 ppb (10¥
= A85FATHKim et al., 2006). NH; 2] 739, 20104
9HFH 20118 8A7HA] A& FXFoll A S4H% H
T4 10 ppbE AME-SFITE (Phan et al, 2013). YA}
N whgoll ZA GRS vlAl= YA 4
o]z}l pHE dutA o 2 = o] o]H Y 1:H7]
g 1 dlQl ISORROPIA IIE &-8-5to] Aol &
5153 o} (Fountoukis and Nenes, 2007).
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2.2 il-)klv%ﬂ AM

E—(‘;H A /lc—)] E]
o

Sl 15 g2 o AEEIE ol thg A
(1)1} 2t} (Seinfeld and Pandis, 2016).
OH+ SO, + M— HO, + 50;~ (1)
ol ¥ A4 the 4] (2)2} 2o Ak Hssie
R Co
(7) kO(T)[ZW] 0.6 (2)
ke, (T)

AA7|o A [M]2 N,¢t 0,9 5EE Vel 1, z& 5
T oA o] 2kt FES Mok Al ky(T)SF
keo( T2 25 TOlA ] Z9F 2 219f §HA| ¥H-E £
ggeolet. ol mo] FE WL, ol T 4] (3)
T} Zro] 128k 4= QITH(NASA, 2010).

k()(T) = k’gm(%)7" koo(T) — kiz(o)(l(?g’o)fm
" {” s ) } 0

A71oA k3%, k&0, n, 122 me AFR k0=
33X 107 cm® molecule™s™, n=4.3, k3 =1.6 x 10712
U383 m=o00]t}

J2E FHoA 9] ¥ Foll A== it
7] F oFRAZEATE t7] & ARt SEste] A4

cm® molecule™ s
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Table 4. Aqueous phase chemical mechanism, the related constants and coefficients in the droplet and aerosol.

-d[siv)

Oxidants Rate Expre55|on ot [X] Reference

(ko[SO, - Hy01 + ki [HSO571 + ko[SO52)X]
ko2(298)=2.4x 10" M5!
k,(298)=3.7x10°M's™"

E/R=5530K

ky(298)=1.5x10°M's™"

E/R=5280K

O3 O3 (aq) Seinfeld and Pandis (2006)

(ksIHTIIHSO31IXD/(1 + K [HY])
k;=7.45%10" M5
E/R=4430K

K=13M"

H,0, H,0,(aq) Seinfeld and Pandis (2006)

ky[H 074X ()]

TMI+ 052 (pH< 4.2
5 (P ) ky=372% 107 M's™!

Mn(ll) x Fe(lll) Ibusuki and Takeuchi (1987)

ks[H*1%S7IXIIS(IV)]

TMI+ 05° (pH > 4.2
3 (PH>4.2) ks=2.51x 1013 M5!

Mn(ll) X Fe(lll) Ibusuki and Takeuchi (1987)

kelXIISUW]
KS o+ K& pich Seinfeld and Pandis (2006),
NO, kg =— oM g1 NO, (aq) Lee and Schwartz (1983),

2 Clifton et al.(1988)
E/R=0K

2The dependence of kinetic constant k on temperature T is calculated according to the Arrhenius equation.

bOhly Fe(lll) and Mn(ll) are considered here, since other transition metal ions (TMIs), such as Sc(1ll), Ti(lll), V(IlI), Cr(1l1), Co(ll), Ni(ll), Cu(ll) and Zn(ll), showed
much less catalytic activities (Huss et al., 1982).

“The lower estimate of kg(ks on) are used a stepwise function with pH which are derived from Lee and Schwartz (1983). They determined a ks=1.4X 10°
M's™" at pH 5.0, but only a lower limit of 2x 10°M™'s™ at pH 5.8 and 6.4. Thus, when pH <5, kgjow = 1.4 X 10° M™'s™, while pH>5.8, ks o, =2 X 106 M™'s™",
and for pH between 5 and 5.8 the linear interpolated values are used. kg jo,, = (0.14~2) X 10°M™'s™" E/R=0K

9The higher estimate of ke(ke,hign) are used a stepwise function with pH which are derived from Clifton et al. (1988). They determined a ks =1.24 X 10’M's™!
at pH 5.3 and ks=1.67 x 10’ M"'s™" at pH 8.7. Thus, when pH <5.3, kg pign =1.24% 10’ M"'s™", while for pH>8.7, kg ign=1.67 X 10’ M"'s™", and for pH
between 5.3 and 8.7 the linear interpolated values are used. kg igh = (1.24~1.67) X 107 M5!

=W o]= 4 (4)¢} Zth(Zheng et al., 2015). FE Mt

S{UV)+ 050, ————80;~

SO, + Aerosol— SO}~ (4)
SV) + NO,— SO}~ (5)
W RHe= Sofl AdEE a2 7] FollA
ofghATIAT} 4BS uht A E T Trksh HhSo] e st is S AG 2 d7 S 2
Z I} (Pandis and Seinfeld, 1989). & Ao ATd A8 52 712 6}1/]-0]1:]- Seinfeld and Pan-
gatel el g Fag drgor 4 0,  dis 2016). o= Al AHf el ot A whE

H,0,, NO,, Z18]31 TMIS}e] At} ¥H-S- (Seinfeld and (Droplet aqueous phase reaction)Q] “Zjof |3t oK

Pandis, 2006)2 T #stATh olwl HESAle Al (5)ep A WS URRe] mHC] EAfSHE 2ol ol o

Zrom HkS A= T g0] AA|SHSTH F HE-S-(Aerosol aqueous phase reaction)?] “I=F

Mg ¥ o® s 4 Lo HhE vz o] F

Aol 2 9FE T=rh(Seinfeld and Pandis,

S(1V) + H,0,— SO} + H,0 2016). 12 Aol A= Ao o5t A Wt A}
o e g8 717 Rato] 7 Waekch

SUIV) + O,— SO} + O,
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2 3% (Liquid water contents, LWC, g/m?)®]| 2|5}
37 4L 11 (Seinfeld and Pandis, 2016), ©]+= 1
Aol 7 o5l ZAHHt}(Seinfeld and Pandis,
2016). Liu et al. (2015)7} Quan et al. (2015)-2 #J-$- 1]
Al EX-&0] tf7] Foll | 3 48 A1°] 1km
a|gkQl U v ol 4= Al7do] 1km o)/}l
HHR7E 2 of, bl o] A FaETt Eolxit
I HUstGtt o8 EYE 2 A HE T ¢F
N7t EA5E= 717HE A= A7kt ol ), A
o] i 2 ofid 7] 21S H BHAbSh: 32
A745}7] floto] BFRet U7 EASE 24 oA
o7 MPH MY AT (Xue et al., 2016)] k1 0.01
g/m*S Zgoto] AFE HePatoct. dutzo=z of
Aof| oJgt A whgolA o] 2] FE= 7|A F
woto] Y-S Yetl= dlale] §zd ofa Aits
U 3] A7t 10,000 M atm™ ©]51¢1 B40] AL,
B71AVE 2 AT (foropier,a) S F0H EE] A
FEE 4 (6)3 Zo] At 4 )t} (Seinfeld and

Pandis, 2016).

C D
f])!‘(l])lflt‘A = ot 1076HART « LWC (6)
CDmplct,g
0‘17] Oﬂ/\-] CDmplet,aq}l_:_ CﬂIJZ_qloﬂ/\li %7\\_:]'.—04 o—uﬂ' 7‘%%]: %:.

5, Coroplerg AR EA O] 7144 A 5, H,
LAY A5 (M atm™), RS oA 714 A, T= &
T (K), 283l LWCS o] 5 g (g/m®)olt}.
HA o Ao BT B AL (fropiera) S 5N
SO,, H,0,, NO, 5 HZ oA o] B 0| A} A &
5 AL

N Hh-gat Zo] o] thE Ate] Wh-gsh= 7
T, & WS Hs W] 3ot WG Stk ofy
2} FHo|L wiZA] 7He] B4 Mgl JS e
o} wehA 2 dAtolAE 71V B = 1o
$7 9L T2 ST, o) F B A 1Y
(Standard resistance model)2 E3l 4] (7)1} Zo] 1L

2|5ttt (Cheng et al., 2016).

1 1 1
Ry, R T

aq aglim

A7 Ry TAYE A &2, R, O WS
A SE, DT g T B AT S0l
o F, W kS A S= (R, A (8)

7551tk (Seinfeld and Pandis, 2016).

B
my
)
)
2

R, = (k[SO, «

o

H,O]+k,[HSO; |+ k, [SO; ™ ]) [ X]

(8)
7)o X 0; T+ H,0, 1831 NO, &t e 4ts
AE veidie, [ 1= 24 289 A 55 ou|gt
t}. w2bA] [SO,« H,0], [HSO,7], [S0,2 |+= 2+ B2 9]
W} sEol 1, [X]= AtsHA| o] B Fkolth ky, ki,
1931 k= oGSt o]2t ¥HE Sk Al AAIR
AEE= 3 404 Q1 7Fsolt A 24 HE £
Jagim)= A (9)5 &l At 7155ttt (Seinfeld and
Pandis, 2016).

J/Hlvlim = mln{Jw}(SOZ)VJ;W(X)}
Tu(X) = hpg(X) + p(X) « Hy(X) ©)

AZ1NA po(X)= ATRFA] X O] F=2% (atm), Hy(X)=
AFSHA X O] /2] A= (M atm™), Z12] AL ky(X)= At
S| xo] 24 Ae £ ASE onjshH 24 JE
EHe AF (kX)) A (10)3 Zo] At 7Hssit
(Seinfeld and Pandis, 2016).

R? 4R
_ 4 P1-1
Epr(X) = [3Dg+ 3%} (10)

o 7]l A %% ?“if;\—g 94 A3 (Continuum regime
resistance), 12|11 Sa;; £ A2 G A (Free-
molecular (or kinetic) regime resistence)-= 2Ju]gict.
Ry= WHgohs 9] A5 ofnlshy 2 AtolA
= 9] 277|215 ume {85+t (Cheng et al.,
2016). D= 7 1A A7) BH4F Aol AL, vi= X O] 7
A S, am Y-S A A 48 Al
2 2 AFAE SO, 05, H,0,, 181 NO,°|| thdl
0.11, 0.23, 2.0 X 1073 (Seinfeld and Pandis, 2016), ~12]

SV |1tsts|x| 38 E M3 S
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12,0 107 (Jacob, 2000)5 Z-8-5} 3t

A2 W AT 92 Y] mHof| EAoh= 2
of| o]t A4} JH-5-(Aerosol aqueous phase reaction)=
oulstm JA7F ZFFetal = o] 4l AWC
(pg/m’)ell o8] I P 9=t} (Seinfeld and
Pandis, 2016). = YAHS] /ol A FF= Wt
71 k] W3t Ju (Lim et al., 2020), Z30] o8¢
T2 doshy P9 mdd 5o Attt (Fountou-
kis and Nenes, 2007). & AFoA= th7] 5 771
Zpo] 44 At 94 AHE ASchs o9
33 29<l ISORROPIA v2.1 (ISORROPIA II)S A}
435}o] o5 dotH 17} 5Fth (Cheng et al., 2016).
G2 W Y wEZoll A 9] B T VAV T
ool P& vEtll= def o] jAle] ol ALt
A o] o5t A} Hh-eal npxrA| 2 dle] Ab4ert
10,000 M atm™ o|a}Ql B 0] A9, A/ 7|AA E
B A (Facrosora) 50N 2H ] WY 5 & ALFD
4> Q131 (Seinfeld and Pandis, 2016) ©]= 4] (11)2} &

.

I~

CAerosol, aq

fAe'r'ovsol‘A = = 1076HART - AWC (11)

CAerusol, g

AZ1NAl Cherosonags BAFNAS] EH O] A} A
EE, Cherosotgs BANAS] 229 714V A% &
&, Hye A8 A5 (M atm™), RE oV 714 8=, T
£ 25 (K), 131 AWCS A9 8 - (ng/m’?)
< Uttt QgzpellA ] At 7| AH A B 741#
(Faerosona) B "5l SO, Hy0,, NO, & Aol A o] &4
S O—H/Z;_ AF 525 AL

W ghgat o] Edo] thE **ﬂE’J s
F U £ vhgo] 38t ukg
FHolu wiAfA] 7he] B Xd%bﬂ

aw % @;;wﬂm 7Wh+ o

o
]o
1o
1
=
o E
H1
9
ol
o
)
iy
oo
N
ofr
ol
ol
L
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2.3 ISORROPIA I

2 AT Hi7] T 771 QA A AR E
g2 e dEste 4994 ¥y 2l ISOR-
ROPIA 115 A}-8510] AWCS} pHE ol =314} 519
TF. ISORROPIA 1= = A4, A 2]7-2] tfj7] Ko
A de] 2olal, B AollA FEAor A-8Eo]
2FH(Guo et al., 2015; Xie et al., 2015).

2 AFolME Fotrlote] A7t T2 F7] 47
W $BS 2gsty 917] o] (Guo et al., 2018;
Song et al., 2018; Wu et al., 2018; Seo et al., 2017) sul-
fate-ammonium-nitrate-water A|2EH 22 7153
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2015), ©] @A ° 2 ATE RAFSH= forward mode
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Fig. 5. Box plot of the AWC and aerosol pH.

Table 5. The average aerosol pH and AWC.

Case Case 1 Case 2 Case 3
Aerosol pH 40+1.0 3.1+0.5 33+0.5
AWC 13+19ug/m®  72£137ug/m>  85+83ug/m?
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