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Abstract. The distinguishing mechanism of formation phase chemistry. While it is possible, in principle, to simu-
of secondary organic aerosol (SOA) is the partitioning of late SOA formation using explicit, detailed gas-phase chem-
semivolatile hydrocarbon oxidation products between the gascal mechanisms coupled to gas-particle equilibrium (John-
and aerosol phases. While SOA formation is typically de-son et al., 2006; Griffin et al., 2002a, b; Pun et al., 2002),
scribed in terms of partitioning only, the rate of formation those mechanisms currently used in regional and global at-
and ultimate yield of SOA can also depend on the kinetics ofmospheric chemical transport models are generally semi-
both gas- and aerosol-phase processes. We present a genegaipirical, the parameters of which are derived from labo-
equilibrium/kinetic model of SOA formation that provides a ratory chamber studies. The cornerstone of SOA formation
framework for evaluating the extent to which the controlling is the generation of semivolatile oxidation products that un-
mechanisms of SOA formation can be inferred from labora-dergo absorptive partitioning between the gas and particulate
tory chamber data. With this model we examine the effectphases (Seinfeld and Pankow, 2003; Pankow, 1994a, b; Don-
on SOA formation of gas-phase oxidation of first-generationahue et al., 2006). A consequence of the absorptive partition-
products to either more or less volatile species, of particleing is that SOA formation depends not only on the amount
phase reaction (both first- and second-order kinetics), of theand volatility of these oxidation products, but also on the
rate of parent hydrocarbon oxidation, and of the extent of re-amount and nature of the aerosol mass into which the com-
action of the parent hydrocarbon. The effect of pre-existingpounds partition.

organic aerosol mass on SOA yield, an issue of direct rel- A widely-used semi-empirical mechanism for SOA for-
evance to the translation of laboratory data to atmospherienation is the Odum model (Odum et al., 1996, 1997), in
applications, is examined. The importance of direct chem-which oxidation of the parent VOC leads to semivolatile first-
ical measurements of gas- and particle-phase species is ugeneration products, and in which the SOA yielt], of a

derscored in identifying SOA formation mechanisms. particular VOC, defined as the ratio of mass of SOA formed,
AM,, to the mass of hydrocarbon reactéad C, is given by
AM, “ o Kp’,'
1 Introduction v= AHC — ¢ ; 1+ KpiM, @)

Particulate matter formed by condensation of oxidation prod-Where ¢; is the mass-based stoichiometric coefficient of
ucts of volatile organic compounds (VOCs), termed sec-Se€Mmivolatile product, K, ; is its gas-particle partitioning
ondary organic aerosol (SOA), can contribute a significant€quilibrium constant, and, is the total mass concentration
fraction of airborne particulate matter (Seinfeld and Pan-Of the absorbing (aerosol) medium. Equation (1) has tradi-
dis, 2006). Environmental chamber studies are the princi_nonally been _used to descnb_e the yield of SOA as a function
pal means by which the aerosol-forming potential of VOCs ©f total organic aerosol loading/,, after the parent hydro-

is established. SOA formation is a complex process, involy-carbon has been entirely consumed. In a typical experimental
ing gas-phase oxidation chemistry, partitioning of oxidation Study, & set of data af versusM,, the characteristic “yield

products between the gas and particle phases, and aeros§HIve” for a particular VOC, is fitted to Eq. (1), by varying
a; andK , ; (typically n=2), in which each product has a dif-

Correspondenceto: J. H. Seinfeld ferent volatility (see “Odum Model” in Fig. 1), is sufficient
(seinfeld@caltech.edu) in describing the experimental SOA yield for most VOCs.
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Model Mechanism Model Mechanism
K K K
HC —= a1 Aq¥ + ap A Kinetic model case (c): HC — aj A9 —> A
Odum Model K, 11 Kzﬂ further gas-phase oxidation K, ﬂ Ky ﬂ
to form semivolatile product
A1p A2P A1p AZP
HC —2 o4 A9—S> A8 ke K
. Kinetic model case (d): HC —— o1 AP ——> AyJ
of e phass oxida
Overall Kinetic Model f_urther gas ;_)hase ox_ldatlon, KQﬂ
AP AP first-generation volatile
i ) i . product AP
p1 p2
B4P B,P
Ko HC —C» gy A9
Kinetic model case (a): HC ——= a1 A Kinetic model case (e):
unimolecular aerosol-phase K, ﬂ bimolecular aerosol-phase Ki ﬂ
reaction only, no further- reaction only, no further- AP +AP
generation product AP generation product .
’
lkpw i ’
B4P
B4P
K 3
K e AL > AS
Kinetic model case (b): HC — 5 ag A —t> A Kinetic model case (f): HC A1 2
unimolecular aerosol-phase K ﬂ bimolecular aerosol-phase K ﬂ
reaction with gas-phase ' reaction with gas-phase b 0
loss of semivolatile product AP loss of semivolatile product AP+ Aq
" I
B B4P

Fig. 1. Kinetic schemes for SOA formation.

It is important to note that the model underlying Eq. (1) is al., 2006; Liggio et al., 2005) and organosulfates (Liggio
an equilibrium rather than kinetic model in that it relates the et al., 2005; Liggio and Li, 2006; Surratt et al., 2007), im-
mass of aerosol formed\M,, to AHC without regard to  plies that aerosol-phase reactions forming these species may
the rate at which the parent hydrocarbon is oxidized. Thisbe irreversible, with products not reverting to reactants over
model has been used to empirically represent SOA yieldgimescales relevant to the atmosphere. It has also been shown
for more than 50 different parent VOCs (see Seinfeld andthat for a number of hydrocarbons, low-volatility compounds
Pankow, 2003). are formed as a result of multiple gas-phase oxidation steps.

. . . . . Examples for such compounds include terpenes with multi-
Aerosol-phase reactions involving condensed semivolatile P P P

compounds are known to be important in SOA formation ple double bonds (Ng et al., 2006), aromatic compounds (Ng

evidence for which includes the presence of high molecularet al., 2007), and long-chain alkanes (Lim et al., 2005).

weight oligomers in SOA (Gao et al., 2004a, b; Tolocka et As noted, the most important fundamental aspect of SOA
al., 2004; Kalberer et al., 2004) and increased SOA yieldsformation is the equilibrium distribution of semivolatile oxi-
under acidic conditions (Gao et al., 2004a, b; linuma et al.,dation products between the gas and particle phases. An es-
2004; Jang et al., 2002; Czoschke et al., 2003). Kroll andsential question is — can one infer from experimental data the
Seinfeld (2005) showed that if a semivolatile product un- extent to which various kinetic processes, such as aerosol-
dergoes a reversible, unimolecular reaction with an equilib-phase reaction and gas-phase reaction of oxidation products,
rium constant,K,,, in the aerosol phase, the correspond- influences SOA formation? For example, it has been shown
ing gas-particle partitioning equilibrium constaki, in the  that the characteristic behavior of how the amount of SOA
Odum model can be replaced by a total gas-particle partigeneratedAM,, evolves as the parent hydrocarbon is con-
tioning equilibrium constantK*), which includes contri- sumed,AHC, the “time-dependent SOA growth curve” re-
bution from particle-phase processes. The thermal stabilityflects both kinetic and equilibrium processes (Kroll et al.,
of some aerosol-phase reaction products, such as peroxy005; Ng et al., 2006; Sato et al., 2004). The goal of the
hemiacetals (Tobias and Ziemann, 2000), esters (Surratt giresent work is to present a hierarchy of general models

Atmos. Chem. Phys., 7, 4135-4147, 2007 www.atmos-chem-phys.net/7/4135/2007/



A. W. H. Chan et al.: Kinetic modeling of SOA formation 4137

of SOA formation that include both equilibrium and kinetic 90
processes. Given a set of experimental data, the models gl HC LI aq A9+ ap A
would allow one to evaluate the extent to which the observed
SOA formation data are consistent with particular controlling 701 Ki ﬂ Ke ﬂ
mechanisms and thereby suggest avenues for more in-depth—~ 4, AP AP
study. E
D 50+
=2
_— o 40t
2 Model description =
< 30}
The set of kinetic models is given in Fig. 1. The overall ki- 20l
netic model is shown, together with special cases, denoted
(a)—(f). In each case, the parent hydrocarbon is oxidized to a 107
first-generation product denotecf Awith pseudo-first-order 0 ‘ ‘ ‘ ‘ ‘
rate constankyc and mass stoichiometric coefficiesmt). 0 50 100 150 200 250 300
The models are developed considering only one oxidation AHC(HQ/m?’)

product; they can readily be extended to a spectrum of ox-

idation products (Donahue et al., 2006). If there is initial Fig. 2. Characteristic growth curvexM, vs A HC) for the two-
organic material presend4,(0)>0), and A is semivolatile ~ product Odum model (Eq. 1). HC(0)=300 ug'm3, M,(0)=0,
(as it is for all cases except case (d)f, immediately parti- ~ @1=0.4, K3=0.01 m/ Mg, ap=0.1, K2=0~2_m3/ Hg) The disconti-
tions into the particulate phase ag With a partitioning co- nuity at H C (0)=50 pg/m? is a result of the instantaneous equilibria

efficient K1- otherwise /% artitions onlv after it reaches its of two semivolatile products with different partitioning coefficients.
L AP y When the less volatile product (product 2) saturates and begins to

Sf"’.‘tur_atlon cqncgntratlon in the gas phqse. InStantaneou"?‘ pf%’rm aerosol, it provides an absorbing medium for the more volatile
titioning equilibrium can be assumed, since the characteristigoquct (product 1) to condense instantaneously.

timescale for gas-particle transport is typically much faster
than that for oxidation of the parent hydrocarbon (Bowman
et al., 1997). Aerosol-phase reaction is represented by irre3.1  Odum model
versible conversion of Ato BY. As noted, Kroll and Seinfeld
(2005) have considered the case of reversible aerosol-phasdgure 2 shows the characteristic time-dependent growth
reaction. The aerosol-phase reaction can also be representedrve of SOA (A\M,) versus HC reactedAHC) for the
as a bimolecular reaction; this is included in cases (e) and (flOdum model (assuming two semivolatile products). At low
The first-generation semivolatile producg Aan be further  AHC and M,(0)=0, no aerosol forms until the condens-
oxidized in the gas phase, represented by first-order reactioable products exceed their saturation concentrations. Be-
of A with a rate constart, to form a second-generation cause this is strictly an equilibrium model, aerosol growth
semivolatile product or a volatile productgAAg itself may  follows the same curve regardless of the initial HC concen-
then partition as ,§, which itself may also react irreversibly tration (HC(0)). Aerosol formation is governed only by the
in the aerosol phase to forrrgB timescale of HC oxidation.

The qualitative kinetic behavior of the general system de- . . ]
pends on the magnitudes of the various rate constants ref-2 Case (a): First-generation product only with aerosol-
ative to the intrinsic HC oxidation rate constanic, as re- phase reaction
flected by the ratios3, (=k¢/knc), Bp1 (Zkpi/knc), and,2
(Zkp2lkrc). In general, the quantitiedyc and M, (0), are
known. The most general form of the kinetic model admits
a number of special cases, (a)—(f) depending on the relativ
values of the parameters.

Case (a) in Fig. 1 includes irreversible reaction of the first-
generation semivolatile product in the aerosol phase. When
garticle-phase reaction is slow compared to HC oxidation
(851=0.1, see panel (a) of Fig. 3), only after most of the
HC has been consumed doe% react to form an apprecia-
ble amount of Iﬂ drawing the partitioning equilibrium to-
3 General model behavior ward the aerosol phase. This behavior is evidenced by sig-
nificant growth (the vertical portion) after HC is essentially
The purpose of this section is to examine the qualitative naconsumed. If the aerosol-phase reaction is irreversible, the
ture of SOA formation as would be observed experimentallysemivolatile product is entirely converted t§,|31nd the final
if the mechanism of SOA formation adheres to each of theSOA vyield is simplyAM,=a1 AHC. This gives rise to two
cases in Fig. 1. This will allow us to assess the sensitivitydistinct regions in the growth curve: the first associated with
of the dynamic SOA formation processes to the particularthe early gas-particle partitioning and the second associated
mechanism involved. with the slower aerosol-phase reaction. If the aerosol-phase

www.atmos-chem-phys.net/7/4135/2007/ Atmos. Chem. Phys., 7, 4135-4147, 2007
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90
(a) HC e oy AFL» A8
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Fig. 4. Characteristic growth curves for formation of first-
(b) generation product with unimolecular aerosol-phase reaction and
with gas-phase conversion to a volatile second-generation product
(case (b)). The curves shown here are for fast (red), medium (green)
and slow (blue) aerosol-phase reactions Ape1, «1=0.3.

is shifted in favor of A. Initial SOA formation occurs ear-
lier, so that at any particular value &HC, the larger the
value of M, (0), the greater the amount of aerosol formed.
M0 =0 Once the initial hydrocarbon is consumed, the amount of
10 SOA formed is the same regardlessiaf (0), although the
)= 100 ugin’ paths by whichA M,, approach the final yield are quite dif-
M(0) = 1000 g/ ferent; this is an important observation relative to compari-
o 50 100 150 200 250 300 son of experimentally-determined SOA vyields when the ini-
AHC (ug/m®) tial hydrocarbon is not entirely reacted.

AM_ (ng/m®)

3.3 Case (b): First-generation product with unimolecular

Fig. 3. Characteristic growth curves for formation of first- ) - .
aerosol-phase reaction and with gas-phase conversion

generation product only with aerosol-phase reaction (case (a)), with

a1=0.3. Panela): Growth curves for a fast (red), medium (green), to a volatile second-generation product
and slow (blue) aerosol phase reaction. PéngelEffect of chang-
ing initial amount of organic materialt, (0) for 8,1 =0.1. Case (b) has been considered in Kroll et al. (2007). Irre-

versible loss of gas-phase semivolatile product can occur ei-
ther by chemical reaction (further oxidation) or physical pro-
reaction is fast relative to HC oxidatio(;=10, see panel cesses (scavenging, wall loss). Aerosol formation depends
(a) of Fig. 3), as soon asAs formed it is quickly converted  on the competition between the formation gf#&d AJ. The
to BE. A? continues to condense to maintain partitioning final yield is governed not only by the partitioning between
equilibrium, leading to rapid aerosol formation$ & even- AY and A, but also by the relative rates of gas-phase loss
tually entirely depleted because its rate of loss through A Of first-generation product and aerosol-phase reaction. The
exceeds the rate of supply from the HC oxidation. Again, SOA yield differs for different amounts of initial organic ma-
if the aerosol-phase reaction is irreversible, all of oxidationterial present, despite the same total organic aerosol load-
product A, must eventually be converted to the nonvolatile ing; consequently, the SOA yield could be underestimated in
aerosol-phase reaction producgg Begardless of the value of chamber experiments owing to the induction period associ-
Bp1. As a result, for this mechanism the final SOA vyield ated with the absence of organic or inorganic seed particles
is independent of the initial hydrocarbon concentration, and(Kroll et al., 2007).
the yield curve AM,/AHC) is independent of the organic Figure4 shows growth curves for kinetic model case (b).
aerosol mass concentration. If the rate of the aerosol-phase reaction substantially exceeds
The amount of initial organic material presebt, (0), also  that of the gas-phase l0s8,4=10), the growth curve is sim-
affects the shape of the growth curve, as shown in panel (bjlar to that in case (a), and most]Aondenses and forms
of Fig. 3. AsM,(0) increases, the partitioning equilibrium BE. As B,1 decreases, the final yield decreases, as more

Atmos. Chem. Phys., 7, 4135-4147, 2007 www.atmos-chem-phys.net/7/4135/2007/
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of the oxidation product Ais ultimately converted to g\ (a)

At ,1=0.1, the aerosol-phase reaction is sufficiently slow 80
that A} repartitions to the gas phase and is lost § and,

as a result, total SOA mass reaches a maximum and de-

the “acid catalysis” effect when competing gas-phase reac-
tions are present, in which acidity can increase the overall
(“final”) SOA vyield by catalyzing the rate of the aerosol-
phase reaction.

Since SOA formation in case (b) depends on both the
gas-particle partitioning equilibrium betweerﬂ and Aip and . ‘ ‘
the relative rates of gas-phase loss and aerosol-phase reac- 0 50 100 150 200 250 300
tion, the initial amount of organic material affects the rel- AHC (ug/m?)
ative amounts of .% and Ai’, and thus the relative rates of
gas-phase and aerosol-phase reactions. Kroll et al. (2007)(b)
showed that less gas-phase semivolatile oxidation product is
lost irreversibly with the introduction of seed particles be-
cause the induction period for SOA growth is shorter, leading O o ey g A9t o AL
to higher SOA yields, despite constant total organic aerosol 8oy Kﬂ Kﬂ
loading. i AP AP

—,=0.1
R

—B,=10

~
[=]

o
=]
T

3.4 Case (c): First- and second-generation semivolatile
products with no aerosol-phase reaction

3]
o
T

AM, (ng/m?)
3

w
=]

Case (c) includes the contribution of semivolatile com- I — KK, =01
pounds formed from further gas-phase reaction of the first- 20¢ — KK =1
generation product. If gas-phase conversion %ft@\Ag is 10 — KK =10
relatively slow (e.g8,=0.1), the second-generation aerosol 0
product Ag does not form in an appreciable amount un-
til most of the HC has been consumed. Ag increases,
formation of Ag occurs earlier and in the limit of,>>1

50 100 150 200 250 300
AHC (ug/m®)

. e . gig. 5. Characteristic growth curves for formation of first- and
approaches instantaneous partitioning. Panel (a) of Fig. . : . )
Second-generation semivolatile products with no aerosol-phase re-

shows the de_pendence Aﬂ_\/[o on AH_C for /_3820'1’ 1, a”?' action (case (c)), witle1=0.3. Paneka): Growth curves for slow,
10 (at K2/K1=10). At §,=0.1, relatively little aerosol is medium and fast further oxidation of first-generation semivolatile

formed until a significant amount ongforms, because the  compound K1=0.01 m3/ug, K2=0.1 m3/ug). Panelb): Growth
second-generation product is less volatile. Eventually all thecurves of case (c) whel1>>K>, K1=K», and K1<<K> for

aerosol ends up asgAand the ultimate yield is indepen- ,=0.1 andk>=0.1m3/pg. SOA growth fork1>> K (blue) de-

dent of the value of3,. A vertical portion at the end of creases after all the HC has been reacted because the first-generation

the growth curve indicates that most of the SOA is second-semivolatile product is further oxidized to a more volatile com-

generation product formed after the parent HC is consumedPound in a slow reaction step.

If K2<Kj, the first-generation product is less volatile. As

the reaction proceeds, Aevaporates and reacts to form the

second-generation product, which is more volatile. As in 35 Case (d):

case (b), the total mass of SOA can decrease over the course

of the HC oxidation (panel (b) of Fi¢). Note that regardless

of the values ofK; andg,, the final SOA yield is identical

for the sameH C (0). This is because all the HC reacted must When the first-generation producgﬁs completely volatile,

eventually be in the form of g\or Ag, and hence the final SOA growth results only from the second-generation product

SOA yield is determined only by the partitioning between (K1=0), and the kinetics of this system admit an analytical

Ag and Azp. solution which describes the time-dependent growth curve
of the system:

Volatile first-generation product and
semivolatile second-generation product

P g oaP
A2 g if A2 g >0

AM, = 1
? {0 otherwise

&)

www.atmos-chem-phys.net/7/4135/2007/ Atmos. Chem. Phys., 7, 4135-4147, 2007
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0.35¢ 4 Effect of kinetic conditions on SOA growth
] 4.1 Molecularity of aerosol-phase reaction and experimen-
tal timescales
e 0.25r
>§ 02l Up to this point we have assumed for convenience that
»E the aerosol-phase reaction, e.i—ABp, is kinetically first-
5® 0.15¢ . order. If aerosol-phase reactions are bimolecular, such
HE T aAd as in the formation of oligomers in the aerosol phase
o1y K‘]LMA‘D chamber (A§+A‘f.—> BY), the rate of the reaction is intrinsically second-
0.05- e atmosphere _order with respect to t_he a_erosol-phase compound. Wt_e show
BP - - - - maximum yield () in the Appendix that in this case the rate constant still has
0 \ \ \ \ \ ) the units of inverse time. Thus the ratio of the aerosol-phase
0 ° 10 v % 30 reaction rate constant to the HC oxidation rate consfaf) (
M, (ng/m”) is still a useful parameter for representing the relative rate of

aerosol-phase reaction. Case (e) in Biglescribes the case
Fig. 6. Simulated SOA yields of case (e) under typical chamber ex-in which the first-generation semivolatile product undergoes
periment conditions and atmospheric conditions. The values of theomy a second-order aerosol-phase reaction.
parameters are;=0.3, K1=0.1m?/ug, ,1=1. For the chamber For the same set of parametéts ¢, B,1, K1}, in the case
simulations, no organic material is assumed to be initially present.s cacond-order reaction the aerosol-phase reaction rate in
(M, (0)=0) and a relatively large amount of hydrocarbon s re- oo (o) gecreases significantly as the concentratiorf of A
acted @C(0)=10 to 100 ugm=). The total simulation time for . .

tapproaches zero. As a result, the semivolatile compound A

the “chamber” case is 1 day. For the “atmosphere” simulation, mos o ) .
of the aerosol loading is assumed to be from background organic"@y not be completely consumed within typical timescales

material (,(0) up to 28 pgm3), and a relatively small amount of Of & chamber experiment, and the observed yield is lower

parent hydrocarbon is reactef C (0)=1 ug/m3)_ Since the typi- than the theoretical yleld Qf]_ (Flg 6) This effect is greater

cal lifetime of SOA in the atmosphere is less than 1 week, we use 3vhenH C (0) is lower because the aerosol-phase reaction rate

days as the total simulation time for the “atmosphere” case. decreases nonlinearly with respect to concentration. Unlike
case (a), the SOA yield is not constant; it decrease¥ as
decreases. The system exhibits partitioning behavior similar
to that seen in the Odum equilibrium model, but such behav-

where ior is not a direct result of the amount of the organic material
present; rather, it occurs because of the slower aerosol-phase
reaction at lower hydrocarbon concentrations.

[Kiz — A+ MO(O)] Figure 6 also shows SOA yield curves from simulation of
Aé’,eq = > case (e) under typical ambient and chamber conditions. The
5 ambient SOA vyield (“atmosphere”) for this case, in which
\/[Kiz — Ay + Mg(O)] +4A2M,(0) the aeroso_l-phase reaction is bimolecular, is lower _than that
measured in chamber experiments (“chamber”). This occurs
2 because the rate of the bimolecular aerosol-phase reaction is

A, — a1AHC — %ﬁ(’) [(1 -X)—(@1A- X)ﬁg] Be #1 proportional to both the total concentration of semivolatile
2= @AHC —aiHCO)(1 - X)IN(1—X) By =1 compound in the system (g air) andx 4, the fraction of
the condensed semivolatile compound in the organic phase
(ug A/ug organics) (see Appendix). In a typical chamber ex-
periment, the organic aerosol generally is entirely SOA, so
the fraction of the condensable species in the organic phase
is high. In contrast, the absorbing aerosol in the atmosphere
A; represents the sum ofyfand A), and A is the con-  arises mainly from preexisting organic material, so SOA
centration of Ag if the gas- and particle-phases are in parti- components will be substantially diluted. Hence, bimolec-
tioning equilibrium. The analytical solution allows us to see ular aerosol-phase reactions may occur at a higher rate in
more clearly the dependence of the SOA growth curve on theehamber experiments, where relatively higher VOC concen-
kinetic and equilibrium parameters: a lowIC (0) requires  trations are used (Kalberer et al., 2004; Paulsen et al., 2006).
a longer time to reach the sam&? C, which gives a higher  For the same set of parametigngc, 8,1, K1}, the rate of a
amount of A (and hence, higher SOA growth) for the same first-order unimolecular aerosol-phase reaction is faster than
AHC. The dependence of SOA growth on the extent of re-that of a bimolecular aerosol-phase reaction. It is therefore
action,AHC/HC(0), will be discussed in more detail. likely that under atmospheric conditions, the SOA vyield for

_ AHC
" HC(0)

Atmos. Chem. Phys., 7, 4135-4147, 2007 www.atmos-chem-phys.net/7/4135/2007/
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018 ho Mep o A2 m AR 701
HC —C» aqA9—2> A9
0.16} Ky ﬂ 6ol
“f
0.14+ AP+ AP
50 AP
£ l 1 —~
S 0.12F mE i Kot
'(C.) qu B—, 40+
> 01 2 B4P
€ o L
® 0.08- s° %0 — kK, =1hr"
> g HC
-1
0.06 20+ ——k,=01hr
——k_.=0.01hr"
L HC
0.04 chamber 10
0.02k atmosphere
. 0 ‘ : ‘
0 50 100 150 200 250 300
0 : ; ‘
0 5 10 15 20 25 30 35 AHC (ug/im®)
3
M, (ng/m?)

Fig. 8. Effect of HC oxidation rate ) on SOA growth

Fig. 7. SOA yields in case nder typical chamber experiment in case (b) W.‘“‘ .faSt (blue), medium (green) and slow (red) hy-
'9 yiecs | M u yp! xperi drocarbon oxidationky=k,1=1hr"1, @1=0.3, K1=0.05m/pg,

conditions and atmospheric conditions. For the chamber simula-
tions, M, (0)=0, HC (0)=200 to 700 pgm3. For the simulations of ~ M0(0)=0.01 ugm?.
atmospherelM, (0) up to 35 ugms, HC(0)=1pg/m3. The values
for the kinetic parameters asq=0.3, K1=0.1 m3/ug. Shown here
is the SOA vyield for case (f) where the gas-phase loss rate and thduce substantially higher concentrations of OH radicals than
aerosol-phase reaction rate are comparafie=(, f,1=1). The  are generally formed from HC/NQrradiations. While it is
total simulation time is 1 day for the “chamber” case, and 3 dayspossible that this increases the rate of further gas-phase oxi-
for the “atmosphere” case. dation to produce less volatile compounds observable within
chamber timescales, here we show that the rate of hydrocar-
bon oxidation can cause substantial differences in SOA yield
case (a), in which the aerosol-phase reaction is unimolecugyen without further gas-phase oxidation steps (in case (b)).
lar, is higher than that in case (e), where the aerosol-phase Figyre 8 shows the growth curves for case (b) with increas-
reaction is bimolecular. ing hydrocarbon oxidation rateyc. The rates of the other
Case (f) includes gas-phase loss of the first-generatiomrocesst, andk,; are kept constant; this assumes they are
semivolatile product, in addition to the bimolecular aerosol- independent of OH concentration. At highegc, the to-
phase reaction. Since there is a competition between gasga| concentration of Ais higher at any given time. Owing
phase loss of Aand aerosol-phase reaction of Ahe final g the nonlinear nature of absorptive partitioning, the gas-
SOAYyield depends directly on the relative rates of these reacparticle equilibrium is shifted in favor of the particle phase
tions. The SOA yield for such a system would be lower in the when more organic material is present (Pankow et al., 1994a,
atmosphere, where the fraction of A the organic phase, b). In other words, higher total concentrations of semivolatile
x4, is small and the bimolecular aerosol-phase reaction ifcompound A leads to not only a higher absolute concentra-
slow (Fig.7). Since the gas-phase loss is first-order, the SOAjon of AE but also a larger ratio of %to AElJ at any given
yield would be overestimated when applying chamber meatime. This increases the rate of aerosol-phase reaction rela-
surements to the atmosphere. On the other hand, for the samge to the gas-phase loss, which increases SOA growth. Such
set of parametefcc, Bp1, Bg, K1}, aerosol growthin case 3 “rate effect” is the result of competition between gas-phase
(b), in which the aerosol-phase reaction is unimolecular, isjoss to nonreactive volatile compounds and aerosol-phase re-
higher than that in case (f), where the rate of the bimolec-action which lowers the vapor pressure of semivolatile com-
ular aerosol-phase reaction becomes much slowerjas A pounds. Therefore, there is a kinetic dependence of SOA
consumed and the fraction oﬁl)An the organic phasexf) growth on the rate of oxidation, and this highlights the need
approaches 0. to carry out chamber experiments under atmospherically rel-
evant rates of oxidation.
4.2 Rate of hydrocarbon oxidation
4.3 Extent of reaction
Ng et al. (2007) and Kroll et al. (2005) reported SOA yields
from the photooxidation ofn-xylene and isoprene, respec- Inthe Odum model, it is assumed that the SOA yield at a par-
tively, that were higher than previously measured (Odum etticular A HC is independent of the extent of reaction, since
al., 1996; Pandis et al., 1991). In these experiments, HONGSOA growth is governed only by the amount of semivolatile
is used as an OH precursor, which rapidly photolyzes to proformed. As a result, the growth curves under different
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4.4 Effect of particle-phase reaction vs. further gas-phase

(a) : HC —¥o o)A reaction
K4
351 1{9 From the overall kinetic model, one may be able to infer the
o 30r . relative importance of kinetic processes in a particular sys-
%) P i: tem by studying the behavior of the SOA growth curve ex-
E:o w0l B hibited by that system. In the general model in Fig. 1, both
2 irreversible aerosol-phase reaction and further gas-phase re-
o —— HC(0) = 50ug/m® action leading to products with even lower volatility are con-
10t —— HC(0) = 100ug/m® sidered (ignoring the aerosol-phase reaction QI.AFig-
5l —HC(0) = 150ug/m’ ure 10 shows the growth curves of systems in which the fur-
0 ‘ ‘ ‘ ther gas-phase reaction that leads to an essentially nonvolatile
0 50 3100 150 compound is dominang=1, 8,1=0.01) and another system
AHC (ng/m®) in which the aerosol-phase reaction is more important than
(b) further gas-phase reactiof,£0.01, B,1=1). If the initial
407 amount of organic materiadl, (0), is small (as illustrated in
a5, HC —m o A9 » A panel (a) of Fig. 10), most of the semivolatile compound A
Kﬂ Kﬂ stays in the'gas phqse ag.Nn the case in Whlch t'he gas-
307 A Ay phase reaction of Ais relatively fast, the semivolatile com-

pound A reacts to form A, which is essentially nonvolatile,
and the delay in SOA growth is therefore short. On the other
hand, if the gas-phase reaction of & relatively slow, the
SOA growth is small until there is sufficient partitioning to

AM, (ng/m?)
8

10} —— HC(0) = 50yg/m® form A';. There is a significant delay between formation of
5l = HC(0) = 100ug/m* semivolatile A in the gas phase and condensation and fur-
— HC(0) = 150ug/m’ ther reaction in the aerosol phase to form the nonvolafile B
o 0 00 150 Although the final yield is the same for these two cases (both
AHC (ug/m®) final products Iﬁ and AFZ’ are assumed to be nonvolatile), the

growth in the latter case occurs later than that in the former
Fig. 9. Growth curves under different initial hydrocarbon con- case. However, if there is a significant amount of background
centrations, HC(0). Pandh): Growth curves of case (a) with organic material (such that partitioning occurs quickly) or if
a relatively slow aerosol-phase reaction of semivolatile productthe secondary reactions (gas- and aerosol-phase reactions of
(Bp1=0.1, K1=0.1m°/ug). Panel(b): Growth curves of case Aj) are sufficiently rate-limiting compared to the oxidation
(c) with gas-phase reaction of semivolatile product to further of the parent hydrocarbon, the difference between the two
generation semivolatile produck§=0.01 mo’/“g' K2=0.1m*/ug,  growth curves becomes smaller and they cannot easily be dis-
Bg=0.1). In both casesy1=0.3, M, (0)=1 pg/m". tinguished from each other, as illustrated in panels (b) and (c)

of Fig. 10.
HC(0) overlap. As shown in Fig. 9, when secondary re-
actions are present in the gas- or aerosol-phase (cases (a) and
(c)), aerosol growth for different’ C(0) does not follow the 5 Application to SOA-forming systems
same curve. The growth is higher for a low&C (0) at the
sameA HC, because it takes longer at lowHIC (0) than at 5.1 Fitting experimental data to the kinetic model
higher H C (0) to consume the same amount of hydrocarbon,
AHC, allowing more time for the gas- or aerosol-phase re-To evaluate the extent to which it is possible to fit a unique
action of the first-generation semivolatile product, producingset of kinetic and equilibrium parameters for the models in
a less volatile product. Such dependence of SOA growth orFig. 1 to experimental data, the models were used to generate
HC(0) (higher growth for lowerH C (0) at the same\ HC) synthetic SOA growth data, which were then used as a basis
is also shown in Eq. (2), for the special case where the firsfor recovering the parameters used to generate the data via
generation product is completely volatile (case (d)). This de-optimization. With the exception of case (d), in which SOA
pendence of SOA growth on initial hydrocarbon concentra-growth results only from condensation of one semivolatile
tion has been observed in some systems (Ng et al. 20060mpound, the “true” parameters could not be easily recov-
2007; Sato et al., 2004). As a result, when measuring SOAered and the minimized errors between simulated and mod-
yield in the chamber, it is desirable to consume the parentled SOA growth do not necessarily represent the global min-
hydrocarbon to the fullest extent for the measurement to bemum. In these cases, SOA growth results from either a
atmospherically relevant. first-generation product @ or a product from further gas-
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Fig. 10. Growth curves for the overall kinetic model, including both gas-phase reaction to form low volatility products and aerosol-
phase reaction (ignoring the aerosol-phase reactiorg)nf‘Phe blue curves represent cases in which the gas-phase reaction is faster than the
aerosol-phase reactiofd>>f 1), and the red curves represent cases in which the aerosol-phase reaction is faster than the gas-phase reaction
(Bg<<Bp1). Panela): Growth curves of the overall kinetic model with a small amount of initial organic mateig{@=0.1 pgm3). Panel

(b): Growth curves of the same model with a large amount of initial organic matfial0)=10 ug/m3). Panel(c): Growth curves of the

same model with the same amount of initial organic material as that depicted in pard), (8)%0.1 ugm?3), but the gas- and aerosol-phase
reactions of A are 10 times slower than in panel (a).

or aerosol-phase reaction Q(B)r Ag). Since the measured 5.2 «-Pinene ozonolysis
SOA growth represents the sum of all aerosol-phase prod-
ucts (AM,), some of the parameters (suchiasandg 1) are  goa growth data fora-pinene ozonolysis are shown in

not independent and multiple sets of parameters can descrihqg_ 11 (Ng et al., 2006). The growth curves from each exper-
the same SOA growth curve. When the same test was pefiment (with varyingH € (0)) can be fitted to a single growth
formed using both measured SOA growth (taal/,) and  cyrve of two partitioning products, which is characteristic of
the concentration of a gas-phase product (e, fe true 4 system that behaves like the equilibrium Odum model. Al-
parameters were recovered. o though aerosol-phase reactions exist indkginene/Q sys-
Even in the case in which sufficient gas-phase data argem (Gao et al., 2004a; Tolocka et al., 2004; linuma et al.,
not available in order to estimate a unique set of param-no4), the behavior in Fig.1 suggests that any aerosol-phase
eters, kinetic modeling can be used to provide a theoretivgactions are essentially reversible for this system (Kroll et
cal framework for in_terpreting tren_ds_ in_ SOA growth data al., 2005; Grieshop et al., 2007). Since the growth curves
from chamber experiments and gain insight into the mechazy gifterent initial hydrocarbon concentrations overlap, the
nisms of SOA formation. From the qualitative nature of time- st step of hydrocarbon oxidation is rate-limiting (Ng et al.,
dependent growth curves, one can infer information aboutth@o%), such that the extent of reaction has no effect on the
kinetic mechanisms important to SOA growth and the rela-yie|q at any givenA HC. The data are consistent with an
tive rates of reaction, as shown in the following sections.  5ergsol-phase equilibrium that is established quickly, and the
values of the overall partitioning coefficients include the con-
tribution from partitioning and aerosol-phase reaction equi-
librium constants (Kroll et al., 2005).
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Fig. 11. Growth curves for SOA formation from-pinene ozonol-  Fig 12 SOA growth data observed during isoprene photooxidation

ysis at differentHC(0) (Ng et al., 2006). Data for different nqer jow-NG, conditions fit to case (b) of kinetic model. Values

experiments adhere to the prediction of the Odum model (blueyf the fitted parameters arg=0.30, K1=0.033 M /ug, B;=0.24,

line). Values for the parameters of the fitted curve @ye0.19, B,1=0.027. The rate constant of isoprene oxidatiépc, was

K1=052m/ug,0p=0.64,K=0.0025 ¥/ ug. measured from the hydrocarbon decay to be 0.0114 hirData
from Experiment 5, Fig. 2 of Kroll et al. (2006).

5.3 Isoprene photooxidation under low-N@onditions
] ) o ) tirely rate-determining. Similar divergence has been ob-

In studies of isoprene photooxidation under low-N@ndi-  gerveq in the photooxidation of toluene (Ng et al., 2007;
tions, photochemical loss of SOA mass after initial formation g4t et al. 2004). Measured SOA growth in each exper-
of SOA is observed (Kroll et al., 2006), indicative of 10Ss of jment s consistent with the general behavior of case (d),
semivolatile compounds by photolysis or further oxidation he harameters of which have been adjusted to fit the ex-
reactions (Fig. 12). SOA formation likely occurs from con- perimental growth curves, with values;=0.383,,=6.45,
densation of hydroperoxides (Miyoshi et al., 1994; Kroll et K»=7.01n%/ug. Because of the low NOlevels in these
al., 2006; Surratt et al., 2006), formed from reaction 0RO gyheriments, the two most likely first-generation products
with HO, radicals, and the growth behavior exhibited in this gre grganic peroxides formed from reaction of the bicyclic
system is likely due to a mechanism similar to case (b) of theperoxy radical with H®, and dimethylphenols formed from
kinetic model. _ reaction of the cyclohexadienyl radical with, @Calvert et

Figure 12 shows that the time-dependent SOA growth datgy  2002). The relative magnitudes of rate constants de-
are consistent with case (b) of the kinetic model. Fitting of jyeq from fitting of the data to case (dB (=6.45) are
the data shows that the gas-phase loss of semivolatile prodp rough agreement with literature values for photooxida-
ucts is about one order of magnitude slower than formationjon of 1,-xylene and dimethylphenolskdi m_xylene =
of the semivolatile productk(=krc,~0.003mim"). The 537 , 10~ cn®/molecs, koH+2,4-dimethylphenol = 9.1 X
formation of products in the aerosol phase, evidenced by dejo-11cp3/molecs, for a calculated, of 3.9) (MCM v
crease in peroxide concentrations and increase in high-M\W; 1 - htp://mem.leeds.ac.uk/MCMY/), but the mass yield of
product concentrations over time (Kroll et al., 2006; ?U”attdimethylphenols fromm-xylene photooxidation as predicted
et al., 2006), is even slowek (=kxc f,1~0.0003MiM~);  py the Master Chemical Mechanism v 3.1 is only 20%, sug-

the net result is that the condensed semivolatile compoundgesting that there are likely other channels that lead to SOA
evaporate as gas-phase semivolatiles react and the total SGfymation.

mass decreases over time.
5.4 m-Xylene photooxidation under low-NQconditions 6 Implications

Figure 13 shows SOA growth during photooxidation raf An idealized kinetic model is presented here that is a com-
xylene under low-N@ conditions (Ng et al., 2007). The pact representation of different mechanisms of SOA forma-
divergence of the growth curves at differeAtC (0) sug-  tion, such as heterogeneous reaction, chemical loss of total
gests that the mechanism contains multiple reaction stepSOA over time, and delayed SOA formation. The analysis
to form SOA, and the oxidation of:-xylene is not en- reveals a number of important features of SOA formation that

Atmos. Chem. Phys., 7, 4135-4147, 2007 www.atmos-chem-phys.net/7/4135/2007/


http://mcm.leeds.ac.uk/MCM/

A. W. H. Chan et al.: Kinetic modeling of SOA formation 4145

40 to total SOA growth. This observation again suggests that to
correctly represent atmospheric SOA formation, chamber ex-
35¢ periments should be conducted with an appropriate amount
300 of seed such that preexisting organic material occupies a sig-
nificant fraction of the final organic phase volume. Experi-
cog 251 ments exploring the effects of parameters such as seed com-
§ sl position and concentration on SOA yields will be useful in
= understanding the mechanisms of SOA growth relevant to
Z 5 X  40ppb data the atmosphere.
X 20ppb data In summary, the dominant feature of SOA formation is the
10 - lgggg f:gzel gas-phase generation of semivolatile oxidation products that
—— 20ppb model undergo equilibrium partitioning between the gas and parti-
— 10ppb model cle phases. The rate at which SOA actually forms depends
‘ ‘ ‘ on the timescales of competing processes, such as multiple
0 20 40 60 80 100 120

generations of gas-phase reactions and particle-phase reac-

tions of semivolatile organics, which may occur over several

Fig 13 SOA h data ob d duri | hotooxi generations; the ultimate amount of SOA that is produced

ig. 13. growth data observed during-xylene photooxi- . avicti

dation under low-NQ conditions (Ng et al., 2007) are consistent can de_pend on the quantl_ty_of pre-existing gerospl. From the
analysis presented here it is clear that, while different con-

with case (d) of the kinetic model. The crosses represent SOA

growth from each experiment, and the solid lines represent nulrolling mechanisms can lead to differing SOA growth be-

merical solutions to case (d) of the kinetic model, with identical havior, it is not generally possible to infer the precise mech-
experimenta| Conditions}(C(O), MO(O), kHC) The parameters anism Of SOA formation Solely on the baSiS Of the SOA
in the model are adjusted to fit the experimental datg=0.383,  growth data A M,, versusA H C). We note that the fits to the
Bg=6.45, K»=7.01 ne/ug. data do not necessarily indicate the accuracy of a given mech-
anism. For example, it may not be possible to deduce from
growth data alone the relative split between products that un-

. . ergo semivolatile partitioning versus further gas-phase reac-
are not generally appreciated. When gas-phase formation cﬂ 9 P 9 gas-p

ivolatil q . itinle st the kinet on or whether two products are formed in series or in paral-
semivofatiie compounds occurs via mutiple steps, the KiN€lyg) \ije kinetic models presented here show how reaction
ics of SOA growth may differ under different initial hydro-

carbon concentrationg/ C(0), even with the same amount rates may have a profound influence on SOA formation from
' " ; i h istinguish [ h-
of hydrocarbon reactedA C. In addition, if the SOA a given hydrocarbon, to distinguish between reaction mec

. o " . anisms that lead to similar overall SOA growth behavior re-
formation mechanism involves a competition between irre-

. . : .~ quires detailed chemical measurements of gas- and aerosol-
versible gas-phase loss of semivolatile products to volatile

compounds and irreversible aerosol-phase reaction to forrr[i)hase species.

additional particle-phase products, the SOA vyield depends

on the amount of initial organic material, even at constant

total organic aerosol loading. Also, the rate of hydrocarbonAPPendix A

oxidation can affect the SOA vyield. As a result, to predict

the amount of SOA formed from hydrocarbon oxidation, one Second-or der aer osol-phase reaction involving
must measure SOA yield under atmospherically relevant ki- ~ Semivolatile products

netic and equilibrium conditions, such as extent of reaction,
seed level and rate of hydrocarbon oxidation. The reaction rate per unit volume of condensed phase species
A that undergoes self-reaction can be expressed as:

AHC (ug/m®)

Simulation of bimolecular reactions in the aerosol phase,
such as oligomerization reactions, shows that these reactions )
can be kinetically unfavorable under atmospheric conditions,idﬂ ) < Na ) (A1)
and the relative importance of these reactions could be overV,(t) dt Vo (1)
estimated in chamber experiments. The rate of such reactions
is limited by the fraction of SOA formed from VOC oxida- WhereN, is the number of moles of specidsin the organic
tion in the organic phase; in ambient aerosols, this fractionPhase.V,(¢) is the volume of the organic phase, antb the
is smaller than in typical chamber experiments. On the otheecond-order rate constantYfmol's). We can express this
hand, pseudo-unimolecular reactions, such as formation ofeaction rate per unit volume of air v fnas:
organosulfates on seed aerosols containing large amounts of
sulfate (Liggio et al., 2005; Liggio and Li, 2006; Surratt et d (Na/V) ok (NA>2( 1% )

al., 2007), could be relatively more important in contributing dt % V, (1) (A2)
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Assuming that the mass density of the organic phase is conGrieshop, A. P., Donahue, N. M., and Robinson, A. L.: Is
stant, the reaction rate expressed in terms of the rate of the gas-particle partitioning in alpha-pinene secondary or-

change of the mass ¢f in the organic phase; 4 (19), is: ganic aerosol reversible?, Geophys. Res. Lett., 34, L14810,
doi:10.1029/2007GL029987, 2007.

1 dma/V) _ 2kpo (@)2 (A3) Griffin, R. J., Dabdub, D., and Seinfeld, J. H.: Secondary or-

MW 4 dt MWa2M, (1) \ V ganic aerosol — 1. Atmospheric chemical mechanism for pro-

duction of molecular constituents, J. Geophys. Res., 107, 4332,

where MW, is the molecular weight oft (ug/mol), p, is d0i:10.1029/2001JD000541, 2002a.

the mass dens_lty of the organic phase/(pﬁofthe organic  igin R, J. Dabdub, D. Kleeman M. J. Fraser, M. P.,
phase) and/, is the total mass concentration of the organic  cass, G, R., and Seinfeld, J. H.. Secondary organic

phase (ugm?® of air). Upon rearranging, the reaction rate can  aerosol — 3. Urbaniregional scale model of size- and

be expressed as: composition-resolved aerosols, J. Geophys. Res., 107, 4334,
d 2% 2 2 doi:10.1029/2001JD000544, 2002b.

ra = aca - _ < Po ) ca” — _k/CL (A4) linuma, Y., Bdge, O., Gnauk, T., and Herrmann, H.: Aerosol-
dt MWy /) M, M, chamber study of the-pinene/Q reaction: influence of parti-

cle acidity on aerosol yields and products, Atmos. Environ. 38,
761-773, 2004.

Jang, M., Czoschke, N. M., Lee, S., and Kamens, R. M.: Heteroge-
neous atmospheric aerosol production by acid-catalyzed particle-

wherec, is the mass concentration af(ug/md of air). The

rate constanﬂ;/:% , has units of s1. Alternatively, the

rate of the bimolecular aerosol-phase reaction is:

ca phase reactions, Science, 298, 814-817, 2002.
ra = —k'ca <—> = —k'caxy (A5) Johnson, D., Utembe, S. R., Jenkin, M. E., Derwent, R. G., Hay-
M, man, G. D., Alfarra, M. R., Coe, H., and McFiggans, G.: Simu-
wherex, is the mass fraction of species in the organic lating regional scale secondary organic aerosol formation during

phase. The rate is therefore dependent on both the total con- the TORCH 2003 campaign in the southern UK, Atmos. Chem.
centration of4 in the system (pgm? of air) and the fraction Phys., 6, 403418, 2006,

of A in the organic phase (W/lg organics). http://www.atmos-chem-phys.neU6/4Q3/2006/.
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