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Abstract

It iswell known that the atmospheric inorganic aerosol has the hysteresis phenomena depending on the history of
relative humidity. However, the current computational researches have assumed that the physical/chemical state of
atmospheric aerosol is only determined by a branch of hysteresis, efflorescence or deliquescence. In this work, we
applied the MATLAB-based UHAEROmM thermodynamics module to simulate the dynamic interaction between
gaseous species NH; and HNO3, and the two mono-disperse particulate populations in the course of efflorescence
and deliquescence, respectively. We conducted the 10 case studies considering the particul ate phase with the atmos-
pherically prevailing chemical composition and found that the final states of the particles are determined through
the qualitatively five different trajectories by the dynamic interaction between gaseous and two different kinds of
particulates. As aresult, we show that the coexistence of meta-stable and stable particles drives the different physical/
chemical destination comparing with the ones generated from the solitary efflorescence or deliquescence branch.

Key words: Aerosol thermodynamics, Aerosol dynamics, UHAEROmM, Mass transfer, Aerosol hysteresis

1. M =

A7 & A oY d71ed e TRl

QA 0] TS FE B ol 2ne) AF

*Corresponding author.
Tel : +82-(0)2-970-6610, E-mail : kyyoo@snut.ac.kr

ko)) 7] 33 813 R] A 26 W A 2 5

4-gHem A7 ouA] A
1= 293 =7 A .ELzIo]D]._ NEES
AL =700 wel = 324 (total sus-
pended particle, TSP), n|A =] (73 2] U= 71A
1S W AFol 10um e]skel ®A], PMy), 574
W] (] Z0] 25um o]stel ®x], PM, )2 723 4
et o] F mAHAZ &g ez Aztelr] ¢)F

fd

}.]l

of, 22
& 7
] o

N m“’

%
°d
Bl



EEEE IR

AAE a37] A e A s=e] W
o} &3} 1l AYA7AFL olsfsl o] I 4°l‘:‘r
u]ARA] (o] 8 o] 2&)el w7t mRsfRt A=
1990 & A F3te] o] ARE APE o A
Ao A3sS A7) $18ke] AlRbE s A7
A Ee] B4E3 Qe Y] oelad RYEL
Ay 7R 2k BT Aeke =3
TP AAE sk o Bs] A §
A Abelell dshy Ay o] =T 7HA
71kt =t ol w7l F A Z1A B
bl Aatd Fol mwA wE Azke] =gsa
°1zw°1 A 7 Azl ARglel HUR e
731517) Welch meb | Re] ool
ﬂe% AFE g A4k A7 275 B3k o
AE =5 ge Azl 2T 5
= d AFHe] gk @A
F el et Aslo] AbgE o=
dojz24 d93s w3E=+ SEQUILIB
(Pilinis and Seinfeld, 1987), SCAPE2 (Kim and Sein-
feld, 1995; Meng et al., 1995; Kim et al., 19933, b),
EQUISOLYV |1 (Jacobson, 1999; Jacobson et al., 1996),
ISORROPIA (Nenes et al., 1999, 1998), @ UHAERO
(Amundson et al., 20063, b) 5-<] 2lv}.

F| el AL AlF=rt AlelEl AejelM AA)
% A% el (Rosenoern et al., 2009; Rosenoern et al.,
2008; Wise et al., 2007; Martin et al., 2003; Tang and
Munkelwitz, 1993)e) ¢]&}w, 18] 1o Aoz A A
3 v} o] H7] F oelzge Asusl e
N 2 Aoz W de F54 (hygro-
scopicity) & 7= olelz2& iA7F A7 3 (Del-
iquescence Relative Humldlty, DRH) o]A}e] A=
AA W7 F S Fdted F543) (deliques
cence)H = AAAE Mo, Aoz mAlE 1w
o] Azg wet AdE=rt WEs w= DRHe} v
ale] AbtAl o 2 ke Al (Crydtalization Rel-
aive Humidity, CRH)ell =23 9712 = QJa}AF W3-
o A%dos $2& wistm glopt Foi (efflor-
escecne) =)= @4 welch ulebd 7] F oloj=
2 A7l wet Aot 37} e ghashe W
ghof] &AM T3 7] M= AR g A
B = A == vAgor Est= o|Hy
2

(Hysteresis Phenomena)e] B#d o= ZE|3 7o

4

l"

=

[e5

el 2 LA 6] A A 203
CRH o
(o) ; .
g |
é | ‘ \e o
: antic
% Aqueou‘_‘:ﬂ?__
. o« —0 —1
g e
— J
Crystalline particle

Relative humidity

Fig. 1. The hysteresis phenomena of the atmospheric in-
organic aerosol according to the trajectory of the
relative humidity; the solid line is the deliquesc-
ence branch with the abrupt increase of water
amount at the deliquescence relative humidity
(DRH); the dotted line is the efflorescence branch
with the abrupt evaporation at the crystallization
relative humidity (CRH).
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deliquescence), respectively, by the gas phase mass transfer.
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Fig. 7. Five qualitative categories of time-variation phe-
nomena of the dynamic interaction between gase-
ous species and two mono-disperse particulate
populations in the branch of efflorescence and
deliquescence, respectively (¢=0.5).
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Fig. 8. Dynamic interaction between gaseous species and two mono-disperse particulate populations in the course of
efflorescence and deliquescence, respectively at «=0.5 (bc, bw and bs are the concentrations of the basis
component, the aerosol water and the solid species, respectively, in which the subscripts s and m denote the s
particle and the m particle, respectively).
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Fig. 9. Equilibrium concentrations of gaseous species NH;(g) and HNO;(g) due to the dynamic interaction between
gas and the particulate phases with the different values of o.

x107® x107%
6 6
B H,0() . H,0(1)
mH =i
5 [0 NH,* 5 [0 NH,*
IS0 1502
1IN0,
= 4 =
o s
3 5 S
£ £
o 5
2 [ Ke)
1+
0
1 2 3 4 5 6 7 8 9 10
Case
(a) =0.0
x 1078 x107®
6 6 T - -
m H,0() B H,0()
. H =
5 [0 NH, | 5r [ NH,*
1 S0, 1502
1 N0, N0y
= 4 ] = 4r
© ©
E E
3 3f 3
£ £
S .| E
1 -
0
1 2 3 4 5 6 7 8 9 10
Case Case
(c) 0=0.5: s particle (d) &=0.5: m particle

Fig. 10. Equilibrium concentrations of aerosol basis components due to the dynamic interaction between gas and the
particulate phases with the different values of a.

3= 7|2+ 8} 3] %) 2] 264 A 25



dloz o) oja

0.2 T T . - . . .
B o=0.0

0.18 =0.5 (Meta-stable)
1 a=0.5 (Stable)

=1.0

0.16 o

0.14
0.12} Il
0.1

De, [um]

0.08
0.06
0.04
0.02 |

0 L Ll Ll Ll Ll L A
Case

Fig. 11. Variation of aerosol diameters due to the dyna-
mic interaction between gas and the particulate
phases with the different values of o.

ol ol WAL P 1T 4+ A= s
e 1eE 5 9 A
.2 B

2 dFelME d7] F el 2 &l HuksiAl EA4
g Heoz 7d=EHE Oléfdml Z1 A AH A AFA} 7ol
EAAD| n|x= S Hrlslr] gste] 743t
AlE 25 %ﬂ?‘fh UHAEROME 7|4lst X2
& Adsle] PR BALE S8l SR 2AL
I o]FE o] EAFE w) ZAAHLAE 7 H 3o

i,

=

=Rl £eEE Akl EAEA b e} u]
wale] 10°~10%) Zrlsl= Aoz el wak
s YAt m dx} 7hell Z)AA el R ole) AANS
Agsle] dngd AAGL wIkEls A Fo 9l
Ae] 27] 240 v} wl$ clepar fom 59
4 Aol AWHE AL & 5 U = HAF
Moz Heol 2L @ A pH, A7 B 24
59| 228 BAA7} 0=000} =104 W el

A grEe] S Fitel obd YRS BEo] Uk
e A U ol e $An 2

3 e gl EAT ) 7A YR
2} 7be) BARUE o257 Seke] whas] ddst
BERS AL A A7} g Aoz Aas)

Rl

J
et e

A& = A7) F

2Ate 2

o] @7 714 7)AAA 7)1 470l (CATER
2008-3209)¢] 2|9l 02 43 9]}

| - %.I_{

i
Ho

Amundson, N.R., A. Caboussat, JW. He, JH. Seinfeld, and
K.Y. Yoo (2006a) A primal-dua active-set algo-
rithm for chemical equilibrium problems related to
the modeling of atmospheric inorganic aerosols,
Journal of Optimization Theory and Applications,
128(3), 469-498.

Amundson, N.R., A. Caboussat, JW. He, A.V. Martynenko,
V.B. Savarin, JH. Seinfeld, and K.Y. Y 00 (2006b)
A new inorganic atmospheric aerosol phase equili-
brium model (UHAERO), Atmospheric Chemistry
and Physics, 6, 975-992.

Hinds, W.C. (1999) Aerosol Technology, 2nd Ed., John Wiley
and Sons, Canada.

Jacobson, M.Z. (1999) Studying the effects of calcium and
magnesium on size-distributed nitrate and ammo-
nium with EQUISOLV 1I, Atmospheric Environ-
ment, 33, 3635-3649.

Jacobson, M.Z., A. Tabazadeh, and R.P. Turco (1996) Simulat-
ing equilibrium within aerosols and nonequilibrium
between gases and aerosols, J. Geophysical Resear-
ch, 101(D4), 9079-9091.

Kim Y.P., JH. Seinfeld, and P. Saxena(1993a) Atmospheric
gas-aerosol equilibrium |, thermodynamic model,
Aerosol Science and Technology, 19, 157-181.

Kim Y.P., JH. Seinfeld, and P. Saxena (1993b) Atmospheric
gas-aerosol equilibrium 11, analysis of common
approximations and activity coefficient methods,
Aerosol Science and Technology, 19, 182-198.

Kim Y.P. and JH. Seinfeld (1995) Atmospheric gas-aerosol
equilibrium 111, thermodynamics of crustal ele-
ments Ca*, K*, and Mg?*, Aerosol Science and
Technology, 22, 93-110.

Martin, S.T., J.C. Schlenker, A. Mainowski, H.M. Hung, and
Y. Rudich (2003) Crystallization of atmospheric

J. KOSAE Vol. 26, No. 2(2010)



28 ¥ - 77

o

sulfate-nitrate-ammoniumparticles, Geophysical
Research Letters, 30(21), 2102.

Martin, S.T., J.C. Schlenker, JH. Chelf, and O.W. Duckworth
(2001) Structure-activity relationships of mineral
dusts as heterogeneous nuclei for ammonium sul-
fate crystallization from supersaturated aqueous
solutions, Environmental Science and Technology,
35, 1624-1629.

Meng, Z., J.H. Seinfeld, P. Saxena, and Y .P. Kim (1995) Atmo-
spheric gas-aerosol equilibrium 1V, thermodynamics
of carbonates, Aerosol Science and Technology, 22,
131-154.

Nenes, A., S.N. Pandis, and C. Pilinis(1998) ISORROPIA: A
new thermodynamic equilibrium model for multi-
phase multicomponent inorganic aerosols, Aquatic
Geochemistry, 4, 123-152.

Nenes, A., SN. Pandis, and C. Pilinis(1999) Continued devel-
opment and testing of a new thermodynamic aerosol
module for urban and regiona air quality models,
Atmospheric Environment, 33, 1553-1560.

Pilinis, C. and J.H. Seinfeld (1987) Continued development of
agenerd equilibrium model for inorganic multicom-
ponent atmospheric aerosols, Atmospheric Envi-
ronment, 21(11), 2453-2466.

Reid, R.C., JM. Prausnitz, and B.E. Poling (1988) The Proper-
ties of Gases and Liquids, 4th Ed., McGraw-Hill,
U.SA.

Rosenoern, T.R., D. Paulsen, and S.T. Martin (2009), The 1-
by-3 Tandem differential mobility analyzer for
measurement of the irreversibility of the hygrosco-
pic growth factor, Aerosol Science and Technology,

g 7184854 2264 A 2%

43, 641-652.

Rosenoern, T.R., J.C. Schlenker, and S.T. Martin (2008), Hy-
groscopic growth of multicomponent aerosol parti-
cles influenced by severa cycles of relative humi-
dity, Journa of Physical Chemistry A, 112, 2378-
2385.

Seinfeid, J.H. and S.N. Pandis (2006) Atomospheric chemistry
and physics, 2nd Ed., John Wiley and Sons, Canada.

Tang, I.N. and H.R. Munkelwitz (1993) Composition and
temperature dependence of the deliquescence pro-
perties of hygroscopic aerosols, Atmospheric Envi-
ronment, 27(4), 467-473.

Wang, J,, A.A. Hoffmann, R. Park, D.J. Jacob, and S.T. Martin
(2008a) Global distribution of solid and agueous
sulfate aerosols: effect of the hysteresis of particle
phase transitions, Journa of Geophysical Research,
113, D11207.

Wang, J.,, D.J. Jacob, and S.T. Martin (2008b) Sensitivity of
sulfate direct climate forcing to the hysteresis of
particle phase transitions, Journal of Geophysical
Research, 113, D11206.

Wise, M.E., T.A. Semeniuk, R. Bruintjes, ST. Martin, L.M.
Russell, and P.R. Buseck (2007) Hygroscopic be-
havior of NaCl-bearing natural aerosol particles
using environmental transmission electron micro-
scopy, Journal of Geophysical Research, 112,
D10224.

Yoo, K.Y, J He, and N.R. Amundson (2004) Canonica form
and mathematica interpretation of electrolyte solu-
tion systems, Korean Journal of Chemical Engineer-
ing, 21(2), 303-307.



