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Abstract

Researchers have traditionally assumed that aerosol particles containing secondary organic aerosols (SOAs) are

to be in liquid state with low viscosity even at low relative humidity. However, recent measurements showed that

SOAs can have high viscosity under certain conditions. Herein, new different techniques for measurements of vis-

cosities of SOA particles are introduced. Moreover, laboratory studies for the viscosities and the phases of biogenic

SOAs produced by o-pinene, isoprene, limonene, and 3-caryophyllene of atmospheric relevance are reviewed.

Future studies for determination of the phases of atmospheric aerosol particles are also suggested.
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A, dEA2RE BEEe JEER7IEEE
(volatile organic compounds) (¢|: isoprene, a-pinene,
toluene 5) 7] ¥ OH 2ttiZ, NO, ttjZ, 0,9
ZE AdshAeke] #akst whgof A3f o] ool =
Z (secondary organic aerosol, SOA)& A4ttt (Hall-

quist et al., 2009). o|FA AFE oJA{F7|ofARES
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Aol w2 A vlool2E ko] 20~80%E 3
A 8te} (Jimenez et al., 2009; Zhang et al., 2007). ©]|Z}
F7lo2E2 df7] FollA HHH 2= HF FAF
S A F Eo), g onE 78O 4L
HSFAIZITH(IPCC, 2013). 3 A8 R 9 557] 2
53 2o A9e Aot Aoz By v gt
(Baltensperger et al., 2008; Jang et al., 2006).

FZ ofol2E9 4 (phase)(ie. YA, WA, 31
A st g dEol ol ML it o)
Fr7lolo12E2] E213 A (physical state)= of|o1=2
E A BN Fa Aoln, md Aol |ujj3
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ol J3FS u|Zth o|E E9¢], 2|2 Shiraiwa and Sein-
feld (2012) =& A{LZATol| A ooj2E B4 4
S AA AgRtez 71H3AE S do2Es
(FhA] FH = AL i o2& A% &
Tx= oF 108] A% =7 (overprediction) AAFE QiTt.
ESE Shiraiwa et al. (2011) 28 Aol A F7]o|o]2
Zo] (3hA ez EAT BF f7loozEn 7}
24 B4 W HAYEE 55 (absorption)of 4]
&2} (adsorption) 22 AgHew, o|}{7]o|oj 2 &}
QET T2 AR W Sk AUEETE 90%
oA 30%= Hgtel whet oF 10° A 108 74A] ZH43h
= Ao Z yelygth. B3t Riipinen ef al. (2011)9] 24
Ao He 2uAHA Y = 27 REE oF
71012 E YA A&l HAPrd &=
Aoz yepylth

ojatf7lolo|2E AAFe] /4 (phase), /= (viscos-
ity), 8HAF& I (molecular diffusion rate)«= A2 71435}
A AvEnh ojd 29| E8% AHle FA4= o
g} 10" Pas o]AFY wf 114, 10°~10"”Pas wj ¥k,
10*Pas o]3td o] AA 2 A o)Ft}(Koop et al., 2011).
A& Eo| A2oA B FAH=EE oF 107 Pas, B9
A= AAE7E F 10PasE2 & &4 25 dAz2 A
olgich. AM, B2 A, A (pitch)e] AHEE 27}
~10*Pas, ~10°Pas, ~10°Pas2 2% Htu Ao =
J9h zle] BAEE ~107PasE DA Bo)H
LB AEsl Zehe B SHEEL 7t
a3 Hek. olAg7ll012E AR dolA] Thadt
{71549 FitEr = FA =2} Stokes-Einstein ¥4
A1Z olgsto] FHE 4= Arh(Koop et al., 2011).

2Fe olARTI2ES BRI 2y d&
off th7] FolA AA Fei= EAL A= oAAAN &
t} (Marcolli et al., 2004). 18|31 tFEQ] ofoj2=
A% mEolA ofoi2Ee WA} Weka A1l
$itk(Hallquist er al., 2009). & of|o]2E22 HAE7}
27] g 2o olZE YA} ko A} EH O] &
Aro] w2 dojubr, ooj2 &3t 7t EEE
7] FolA BILHE olE AR 7PPHo| itk O
24 Virtanen et al.(2010)2 o-pinene & ZHE QA H
ojakfr7olo|ZEo] AiEE 0% W YHWE FH|
A] rebound H= E4& BETLEHN {70l E0]
E4 s zA (A HEHE EAT 5+ USS

oo

o713 A A 32 A Al 4 &

AYHom

ol

Az wASG o2 & o 3

o
ASE 24, bounce S 57, FREE 23

A7|Me Al Afo2E A - AT
7IHES AYEL, o8 o§3 A=Y oA
ol2E9] dulg=o e =24 AHE
stgth 59] 22 /MEE oloj2E A= AH 24
el bead-mobility 7|®HI} poke-flow 7|, o|o]2&
rebound SAHLE A5, 1 7]
pinene, isoprene, limonene, [3-caryophyllene 225§
AR olf ol 2B WAES A 77 22 o
T EFS vt Ro| 23S RIS EF ol
¥ A7ARE vigoz ozl gy dolzE 4
T ATEFS A

- Ak

== o8 a-

2. O|xtR7I00l=2EL| HEE: &3 7|H

M2 AAReE A2 oRgTlololn R
HES 245 98 e WEEel AEsD gt
£ 12 AE719 olAgrlololzEe BAE THL
9ot choke 7SS RojEh AHHoE doj2E
9 AA=E BT 4 = 7IH2 (1) particle rebound
HHH (Bateman et al., 2015; Li et al., 2015), (2) bead-
mobility2} poke-flow ¥ (Grayson et al., 2016; Hinks
et al., 2016; Song et al., 2016; Grayson et al., 2015;
Song et al., 2015; Renbaum-Wolff ez al., 2013a, b)©]
AUtk HHH L2 oolzZ£d HPEE F4st= 71
= (1) doj2s YA ellA e & (diffusion
rate)Q} EFA|7H(mixing time)S =% (Abramson ef
al., 2013; Loza et al., 2013; Perraud et al., 2012), (2)
bounce &4 ©]&(Kidd er al., 2014; Saukko et al.,
2012; Virtanen ez al., 2010, 2011), (3) o]|xF-3-7] oo} &
£ 9] Z$4HE (evaporation rate) ©]-8(Cappa and Wilson,
2011; Vaden ef al., 2011), (4) o] 3}-g7] oo} 22 0] Hl-S
A (reactivity) =74 (Wang et al., 2015; Kuwata and
Martin, 2012) -] Sith. o] &gt thekgt 75 FolA
A= AF BAo] 7Hed BAME o AollA &

M7t
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Table 1. Summary of literature for the different analytical methods of biogenic secondary organic aerosols (SOAs).

SOA RH (%) Viscosity (Pas) SOA phase Analytical method Reference
0 n/a (semi)solid Particle rebound Virtanen et al.(2010)
n/a n/a (semi)solid Particle rebound Saukko et al.(2012)
a-pinene + OH 75~90, nl/a, n/a, Particle rebound Pajunoja et al.(2015)
70~80, n/a, n/a,
65~75 n/a n/a
0 n/a (semi)solid Particle rebound Virtanen et al.(2010)
<3 >5x%x10° Semisolid Diffusion rate from Perraud er al.(2012)
nonequilibrium gas-
particle partitioning
<5 ~10° Semisolid Diffusion rate from Abramson et al.
evaporation rate (2013)
90~70, 3X10°~1X 10**, Liquid-semisolid, Bead-mobility technique, Renbaum-Wolff et
68~25  8x10°~10"* Semisolid-solid Poke-flow technique al.(2013a)
. 70~90  10°~10” Liquid-to-semisolid  Particle rebound Bateman et al.(2015)
a-pinene + O, 4 N . . .
87 5~10 Liquid or semisolid ~ Particle rebound Kidd ef al.(2014)
95, 4x107", Liquid, Estimation from glass Wang et al.(2015)
80, 8x10', Liquid, transition temperature
65 3x10* Semisolid
20 >10" Solid Particle rebound Pajunoja et al.(2014)
50, 1x10*~2x 10, Semisolid, Poke-flow technique Grayson et al.(2016)
40, 1x10°~5%10%,  Semisolid,
30, 5X10°~2x 10°, Semisolid,
0 5% 10*~5x 10’ Semisolid
50~65 n/a (Semi)solid Particle rebound Saukko et al.(2012)
40~60  10°~10° Liquid-to-semisolid ~ Particle rebound Bateman er al.(2015)
Isoprene + OH <5 10°~10° Semisolid Ammonia uptake Li et al.(2015)
60~85, 107°~10°, Liquid, Bead-mobility technique, ~ Song et al.(2015)
0~25  10°~10’ Semisolid Poke-flow technique
50~60 n/a (Semi)solid Particle rebound Pajunoja et al.(2015)
Limonene + O, 0~10 10°~10° Semisolid Poke-flow technique Hinks et al.(2016)
B-caryophyllene+OH  >90 10°~10° Liquid-to-semisolid  Particle rebound Li et al.(2015)

*Water-soluble SOA produced from a-pinene ozonolysis (Renbaum-Wolff ez al., 2013a)

2.1 Particle rebound

o2& Az EAst=1f FhuA= EAst=
tpoll whet el o] 21E= a8 g2k 4 Stk
oAl el ALY ofoj=ELS YHWE plate {4
aedor 2HE 5 YARL FHAAGY oolzF
< Y9E plate 9ol FAA U7t(rebound) ZF &
£9o] dA 35| ZolEA Hr}. Virtanen et al. (2010)2 9]
23t ool 2E9] 4 (phase) 540 2¢tete] Ax =
oA A7 20~100 nm¢] ojatF7|oo|2E] £
2 A E AAH o2 wrAEtgth 0|3 Bateman ef al.
(2015)-& 190, 240 nm2] sucrose/H,0 oo} 22 47
A AdEeE A=} rebound fractiond}te] ¢3HA]

2 =7%3}9] semisolid-to-liquid A A o] (phase transi-

tion) 7£7FH2 HE3}th. ©] 2§l particle rebound E43
& ZA35}9] Lier al.(2015) E3F thokat o]xp-37]of| o
2Z0| (A7 ~300nm) o= A& Eo|A semisolid-
to-liquid /& Mol5 A=A S7gstaL, A4
A Z A} o)zt dojd wf 9] ofjoj2E AAYEE 10°~
10°Paso 2 HOJ3IHTHE 1).

2.2 Bead-mobility technique

ujAlgk 27]19] oolz2F e HHEE SAsh= AL
7140 ¢ ofth |2 BAE IFuste] Uni
versity of British Columbia®] Bertram Z1Eo|A= ©
olaznlg 279 odolzEe YHEE St &
A718& ALstgch(LE: bead-mobility). Bead-

—_
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Fig. 1. Optical images of a SOA particle produced from isoprene photo-oxidation at 80% relative humidity at 295 K
which were recorded for a bead-mobility experiment. Three beads including the x and y coordinates were
labeled with different arrows. Scale bar: 20 pm. The figure was taken from Song et al. (2015).

mobility B'H-& Renbaum-Wolff ef al. (2013b)o] A7)
3t AT steH, AT 107°~10°Pase] 9ol
A 270] 7hssieh. o] W 7heks] 2ohaR, £
44 4 (hydrophobic substrate) $Jof] £ % 3 v}k
ojazng 27|18 ooj2F YAt ¢tofl A7 ~1 um2
HE (beads)E ZAMZI. 12|1 o|Ae 25E =24
& AW Qo] ARG o]F AT FiG=olA
Q) 284 A2TAE A% FUSH olojzE
PR} | AT (shear stress)o] TAYSHA = of
oj2E YA ¢ HE= AT £z FF oA
gt olu} AT A7 B MES] LES Fhav]
A2 B WAL, 1 SEE ZHUT. 09 1L
Song et al.(2015) ALo|A] isoprene S ZHE] AAH
O|FF7IANRE AR} ShollA AGE 80% Y W
HEo] 29 WolETh Z4H = BILEL
chFe §71292RE oW bead SEHAE A
AL ol&ste] FAER HMAIITHIH 2) (Song et
al., 2015).

2.3 Poke-flow technique in conjunction with
fluid simulation
221531 B (physical forcey& o|-§5}e] oo} 2%
28] %} (phase)= 743t WS Murray et al.(2012)
o 93] A A/N=E At o]F Renbaum-Wolff ef al.
(20132)> U™ poke-flow S FAZE A&
o] A (fluid simulation)& HE3}lo] oo]2Z&9] AT
£ AFHez 49T 4 Y=F 5L, Grayson
et al.(2015)0] 1 ¥4 A=35}th Poke flow-8-A)

o713 A A 32 A Al 4 &

10% 5

Viscosity (Pa-s)
3 3
1 1

N
e
1

O  Sucrose
Best-fit line
—— 95% prediction interval
10 T T T 1
10° 10° 10* 10° 10*

Mean bead speed (um-ms™)

Fig. 2. Calibration line (black line) for mean bead speeds
vs. viscosity of sucrose particles. The light gray
lines indicate 95% prediction intervals. Squares
represent the mean bead speed in a sucrose par-
ticle at a given relative humidity at 295 K. The fig-
ure was taken from Song et al. (2015).

AlEF oA W2 bead-mobility HHETH =& A4
%21 10°~10"Pas HYo| Al E4 0] 753t o] W
& sl sk, 44 Y Qo] 2 E 79 uf
o|ARmE 7)Y ofoEES 2F5E 248 HY ¢
of ZA&FAIZITH A S| vz (needle)S HUE 4=
Ue A A= (window)7} itk AT AiGEo
A ooj2ES vhERE E7 (poking)shH o022
half-torus geometryE F/JsHA At} ojf §A= &
Ao | A (surface energy)E 2a3tst7] $l3) 7419
FEo R 527 Hu, ooj2Fo] Yo FHE E
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Fig. 3. Optical images of SOA particles produced from isoprene photo-oxidation poked at (a) 26.5% RH and (b) 0% RH
at 295 K during typical poke-flow experiments. Images (a1) and (b1) correspond to the particles pre-poking.
Images (a2) and (b2) correspond to the first frame post-poking (time set=0s). Images (a3) and (b3) correspond
to images of the experimental flow time, 7,,,, when the diameter of the hole has decreased to 50% of its original
size. Scale bar: 20 um. The figure was taken from Song et al. (2015).

(recovery) == A|7HS 2A3ch 1Y 3L poke-flow
WS o]-83t isoprene S ZHE PAE o] {7
29 27 A 39 FH| HIE HoJETh(Song e
al.,2015).

Poke-flow A3 013?— FAEZE AlEdol A (COM-
SOL Multiphysics)2 sttt A& ol HH
Renbaum-Wolff et al. (2013a)1—} Grayson et al.(2015)
of ZAAIE] AeEol Utk fFAIEE AlEH ol
8 $ASE A7 WAES AT AT,
olufj o] AFHAS 0] 85te] poke-flow A o)A ZA 5
of|oJ2Z2] recovery time2 SOIE2E9] HAAHYEZ W
sstact,

3. Y4=7|¥ OIXR7IHZES]
HYzet ¢

A7 7] ool Ee] BH9l

2 BE 5 U V1ol gons 4y A

pul

AEE in-situ
kel &
F7} Baslth tebd AR 7194 olzg71o o]
258 A4 1 ANES 24 F& §291IL, o

~— T
g7l zEe] AL dEshe d7Eel SuHwL

i

21\:].. ‘?E :v_xl-x]od
& 5=
NSRS A ATH FuolH A
3R wj&eFe] oF 90%7HA] AHA|EL Qlow, At
900 kgo] o|atf7loolRES A AoRE B
3% v} o} (Hallquist ef al., 2009; Kanakidou et al.,
2005). webd AE7|9 o) Ag7] oo REE ojolzE
=92 A 478 dFlA drleo 2SS d#st=
42 Z853 ok

SN 5 o gomn
o-pinene, isoprene, limonene %I'Jf 72 3k
A 2571

o
il

3.1 a-pineneLZHE| MAMEl
O|XIR7|00I2E

E71Y olAR7]o012F FollAl a-pinene2 25
B APE ojatfrldol2Ee 7P &8s AFHIA
oh & 12 o)g7lolol 2B AAE HAATEY
A3} 3Le Bzt o|A§7]oolREE a-pinenc}
O; (ozonolysis H|# %) T OH (photo-oxidation H|
AUS)7E B 7 7HA whgol o3 A=A
(3 1). Virtanen er al.(2010)2 a-pinene photo-oxida-
tion, a-pinene ozonolysisZHE YA o]z}-f7-7]0f o]
2EE o]&sto Ax A oojZF0] rebound
He S48 BESIL, o|2RH Ax 230A oAt
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srllolzEe Tz A ($rldelREe AAE
7 g e B AES 2ok Al
Ftt. 0]& Saukko er al.(2012)T} Pajunoja et al.(2015)
9] At A= a-pinene photo-oxidation &2 HE] XA
H ojAf7] oo} 2Z0] rebound H& 544 &35}
o] o2& & AAHEE FFsdch 28y 9
&3t a-pinene photo-oxidation® 2 HE AYAJH o| x|}
7loloj2E0 AT AT= B4 A= AFA
o HARE] FHE A=A E3HEit.

a-pinene ozonolysisZHE A o|x§7]ooj=2
Z£9] AMg] ¥t a-pinene photo-oxidation H-E Tk
= © &8s JFHJATH(E 1). o] 2Z9] rebound
542 olgatel 54 BAOIN w HHES 249
Sith(Bateman et al., 2015; Kidd et al., 2014; Pajunoja
et al.,2014; Virtanen et al., 2010). T3+ A ZZA A
ofoi2E A} Bk A%E ZAeke] YH=E AL
3}tk (Abramson et al., 2013; Perraud et al., 2012).
Grayson et al.(2016)2] Ao A= o|z}f7]do] 2=
of 4 ZA& WBHAIA aopinene o|AHf7lolo] 2%
2 &H|3}aL, poke-flow techniqued ©]-83te] A&
= 50~0% WA FEEE S5t 19 4=
a-pinene & ZRE YHH ojatfr|oo|2E HAE A
YA A HojEth APAolA ot 71HS
]88t a-pinene o|Z}F-71oo|RES] HAYEE EA
SR 1 3. 24719 7)) what o] Aol &
Holx AR AA A2 JHE 70% o)/dolA a-
pinene 0]x}37|of|o}2&2] HA =L ~10°Pas 0|3+
o, diEE 70%0A4 0%2 s wah 4%
L ~10°Paso|A] ~10"7PasE Z7}3t9th &, ASE
70% o]/dell A a-pinene O|AF7]ooAREE WA A
glojo, AG= 70% olstollA vtaA e = EA st
At} Renbaum-Wolff er al. (2013a) 484 (water-
soluble) a-pinene O]x}-5-7| oo 2& 9] HAEE bead-
mobility®} poke-flow B o2 A3t (8l=M, 1
2 4a). 84 a-pinene °|Z}{7|o0]Z2E-L total a-
pinene ol g7lolol2E e AAERTE WHel B
YRS YTk A 85% ol 4ol A S84 o
pinene O]X}37] o] 2E 2] FA =& ~10°Pas 0|3},
BHEE 75%NA 40%= Fadtel wet FE=e oF
10°Pasol|A] 10’Pas® Z7Fstgon, A& E 30% 1]
gho| A ~10"Pas o]AFo| ith. o] 2KE| =84 a-pinene

o713 A A 32 A Al 4 &

ojakf 7] 2EL FUEE 85% ool AA| 4
B, 40~75% A& =0 A B Ae, 30% o] 2he] A
S A S22 uA AR EAEe Ao E ey

3.2 IsopreneL 2R E| MME
O|XtR7[0IOIRE

19 4b= isoprene 2 25E A HE oJafi7]oo| =
£ ddis=d AAE 295 HoRth(® 1 ).
Bateman et al. (2015)2 isoprene photo-oxidation & 2
HE APE olAf7ooj2Eo] 1A HHAA
rebound Ei= 5% ]85t s E 60~40%90A
AAE7 10°Paso|A] 10°Paso2 UelE AL B3
3}9th. 0|3 Song et al.(2015)2 bead-mobility2}
poke-flow ¥H-& ©0]-&35}9] isoprene photo-oxidation 2.
25E PP olAfrldolzEe] HAEAEE ATA
©2 Z45H¢it. Isoprene 0|2-f-7] o] 2& ] HA=
£ AUEE 40% o] A ~10°Pas o|akel o=
ehgton, AtEE 25%1A 0%= gt et
AEL ~10°Paso) A ~5%10°Pas2 271515t} Bate-
man et al.(2015)3} Song et al.(2015)9] T2 7|HS
o] 83 AT AFATE= AHEE 40~60% 9l
A & AxEgch E3F Lier al.(2015)= Az 270
A] isoprene O|Z}-F7|o|o]2E T} NH,9| wh-&e2
| isoprene SOAQ] AAEE ¢F 10°~10°PasE A9
sttt o] Aahe Ax 2AA ~5x10°PasE U}
W Song et al.(2015)9] AiETH= T3] w4 U
Wt 88 2 isoprene photo-oxidation & Z FE]
AAAE o|Af{7IoRELS AEE 40% o]/l A
= HA|, 25% miRto| Al WMUA R EXfst= AR
LRt

3.3 LimoneneL 2R E MME
O|XIR 7|0 ERE

Hinks et al.(2016)-2 limonene ozonolysisZ5-E| Y
AE olaTIoRE Y] HAHEE SAHEH. 18
de= FE AiGEolA S E limonene ©]2H7-7]9]
o 2E JYAHEE Uetdth AdEE 10%L 0% A
ZA gl om ZkzE ~10°% Pas, 2 X 10**' Pas ZES 2§
t}. Hinks ef al. (2016) QT A2 HE Fo &=
oA limonene o|Af7|oflo] 252 REA] Al A
o2 geke
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g 10° [ I 2 F10° 3
2 R7]
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Fig. 4. Viscosities as a function of RH of biogenic secondary organic aerosol (SOA) particles at 290 K~ 300 K. (a)

Viscosities of x-pinene-derived SOA from literature (Perraud et al., 2012, star; Abramson et al., 2013, square;
Robinson et al., 2013, diamond; Bateman et al., 2014, box; Kidd et al., 2014, triangle; and Wang et al., 2014, cir-
cle) and viscosities of water-soluble x-pinene-derived SOA particles from Renbaum-Wolff et al. (2013a) (cyan).
(b) Viscosities of isoprene-derived SOA from literature (Bateman et al., 2015, big box; Li et al., 2015, small box;
Song et al., 2015, error bar). (c) Viscosities of limonene-derived SOA (Hinks et al., 2016). (d) Viscosities of
B-caryophyllene-derived SOA (Li et al., 2015) (see also Table 1).

3.4 B-caryophylleneQ 2R E MME
O|XIR 7|02 E

A 7HA] B-
ol2Z0] Bad Ag AL Lieral. (2015)0] §Y
3ttt Li et al.(2015)2 P-caryophyllene photo-oxida-
tono2RE AHT olFgldlzER oejzE
Shich 19 4ds 1 ANE
Bo&og AtEE 90% oA A B-caryophyllene O]
A7l 2E
ol ollA dEdE HE

rebound EA] A1LE 43

= ATt

SEE=EE

t}. B-caryophyllene ©|2}-F-7] ool 2&

caryophyllene 2 2 H€] YA EH o]x}-57]

2 AT 10°~10°PasQ] A

4= g A9 we

oz A
E59) o347
Ao Veht
2 AS5E 90%

oA oju] "EILA|
= ATt

e &2 124 dEd A

flo

o= g

Song er al.(2016)2 A|A 157} HEAE (=, @

Apstol, WA sAE], 4ok, Brtol, 9417, o]
38, 7ol =, T}, 7HeA), Holi sotold 2, 27he},
2EHE) O] 2004~2014d 7|7F E9F €A AdG
=2 2R o2 dEA A9e asdHes
o|Af7] ol 2EERL ot A&7
Aoz HE 9l
A3} A7kl w}
0~90% HS =
o BE7|

]

]

=

ekl
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