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Abstract. The distinguishing mechanism of formation
of secondary organic aerosol (SOA) is the partitioning of
semivolatile hydrocarbon oxidation products between the gas
and aerosol phases. While SOA formation is typically de-
scribed in terms of partitioning only, the rate of formation
and ultimate yield of SOA can also depend on the kinetics of
both gas- and aerosol-phase processes. We present a general
equilibrium/kinetic model of SOA formation that provides a
framework for evaluating the extent to which the controlling
mechanisms of SOA formation can be inferred from labora-
tory chamber data. With this model we examine the effect
on SOA formation of gas-phase oxidation of first-generation
products to either more or less volatile species, of particle-
phase reaction (both first- and second-order kinetics), of the
rate of parent hydrocarbon oxidation, and of the extent of re-
action of the parent hydrocarbon. The effect of pre-existing
organic aerosol mass on SOA yield, an issue of direct rel-
evance to the translation of laboratory data to atmospheric
applications, is examined. The importance of direct chem-
ical measurements of gas- and particle-phase species is un-
derscored in identifying SOA formation mechanisms.

1 Introduction

Particulate matter formed by condensation of oxidation prod-
ucts of volatile organic compounds (VOCs), termed sec-
ondary organic aerosol (SOA), can contribute a significant
fraction of airborne particulate matter (Seinfeld and Pan-
dis, 2006). Environmental chamber studies are the princi-
pal means by which the aerosol-forming potential of VOCs
is established. SOA formation is a complex process, involv-
ing gas-phase oxidation chemistry, partitioning of oxidation
products between the gas and particle phases, and aerosol-
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phase chemistry. While it is possible, in principle, to simu-
late SOA formation using explicit, detailed gas-phase chem-
ical mechanisms coupled to gas-particle equilibrium (John-
son et al., 2006; Griffin et al., 2002a, b; Pun et al., 2002),
those mechanisms currently used in regional and global at-
mospheric chemical transport models are generally semi-
empirical, the parameters of which are derived from labo-
ratory chamber studies. The cornerstone of SOA formation
is the generation of semivolatile oxidation products that un-
dergo absorptive partitioning between the gas and particulate
phases (Seinfeld and Pankow, 2003; Pankow, 1994a, b; Don-
ahue et al., 2006). A consequence of the absorptive partition-
ing is that SOA formation depends not only on the amount
and volatility of these oxidation products, but also on the
amount and nature of the aerosol mass into which the com-
pounds partition.

A widely-used semi-empirical mechanism for SOA for-
mation is the Odum model (Odum et al., 1996, 1997), in
which oxidation of the parent VOC leads to semivolatile first-
generation products, and in which the SOA yield,Y , of a
particular VOC, defined as the ratio of mass of SOA formed,
1Mo, to the mass of hydrocarbon reacted,1HC, is given by

Y =
1Mo

1HC
= Mo

n∑
i=1

αiKp,i

1 + Kp,iMo

(1)

where αi is the mass-based stoichiometric coefficient of
semivolatile producti, Kp,i is its gas-particle partitioning
equilibrium constant, andMo is the total mass concentration
of the absorbing (aerosol) medium. Equation (1) has tradi-
tionally been used to describe the yield of SOA as a function
of total organic aerosol loading,Mo, after the parent hydro-
carbon has been entirely consumed. In a typical experimental
study, a set of data ofY versusMo, the characteristic “yield
curve” for a particular VOC, is fitted to Eq. (1), by varying
αi andKp,i (typically n=2), in which each product has a dif-
ferent volatility (see “Odum Model” in Fig.1), is sufficient
in describing the experimental SOA yield for most VOCs.
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Fig. 1. Kinetic schemes for SOA formation.

It is important to note that the model underlying Eq. (1) is
an equilibrium rather than kinetic model in that it relates the
mass of aerosol formed,1Mo, to 1HC without regard to
the rate at which the parent hydrocarbon is oxidized. This
model has been used to empirically represent SOA yields
for more than 50 different parent VOCs (see Seinfeld and
Pankow, 2003).

Aerosol-phase reactions involving condensed semivolatile
compounds are known to be important in SOA formation,
evidence for which includes the presence of high molecular
weight oligomers in SOA (Gao et al., 2004a, b; Tolocka et
al., 2004; Kalberer et al., 2004) and increased SOA yields
under acidic conditions (Gao et al., 2004a, b; Iinuma et al.,
2004; Jang et al., 2002; Czoschke et al., 2003). Kroll and
Seinfeld (2005) showed that if a semivolatile product un-
dergoes a reversible, unimolecular reaction with an equilib-
rium constant,Krxn, in the aerosol phase, the correspond-
ing gas-particle partitioning equilibrium constantKp in the
Odum model can be replaced by a total gas-particle parti-
tioning equilibrium constant (K∗), which includes contri-
bution from particle-phase processes. The thermal stability
of some aerosol-phase reaction products, such as peroxy-
hemiacetals (Tobias and Ziemann, 2000), esters (Surratt et

al., 2006; Liggio et al., 2005) and organosulfates (Liggio
et al., 2005; Liggio and Li, 2006; Surratt et al., 2007), im-
plies that aerosol-phase reactions forming these species may
be irreversible, with products not reverting to reactants over
timescales relevant to the atmosphere. It has also been shown
that for a number of hydrocarbons, low-volatility compounds
are formed as a result of multiple gas-phase oxidation steps.
Examples for such compounds include terpenes with multi-
ple double bonds (Ng et al., 2006), aromatic compounds (Ng
et al., 2007), and long-chain alkanes (Lim et al., 2005).

As noted, the most important fundamental aspect of SOA
formation is the equilibrium distribution of semivolatile oxi-
dation products between the gas and particle phases. An es-
sential question is – can one infer from experimental data the
extent to which various kinetic processes, such as aerosol-
phase reaction and gas-phase reaction of oxidation products,
influences SOA formation? For example, it has been shown
that the characteristic behavior of how the amount of SOA
generated,1Mo, evolves as the parent hydrocarbon is con-
sumed,1HC, the “time-dependent SOA growth curve” re-
flects both kinetic and equilibrium processes (Kroll et al.,
2005; Ng et al., 2006; Sato et al., 2004). The goal of the
present work is to present a hierarchy of general models
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of SOA formation that include both equilibrium and kinetic
processes. Given a set of experimental data, the models
would allow one to evaluate the extent to which the observed
SOA formation data are consistent with particular controlling
mechanisms and thereby suggest avenues for more in-depth
study.

2 Model description

The set of kinetic models is given in Fig.1. The overall ki-
netic model is shown, together with special cases, denoted
(a)–(f). In each case, the parent hydrocarbon is oxidized to a
first-generation product denoted Ag

1 (with pseudo-first-order
rate constantkHC and mass stoichiometric coefficientα1).
The models are developed considering only one oxidation
product; they can readily be extended to a spectrum of ox-
idation products (Donahue et al., 2006). If there is initial
organic material present (Mo(0)>0), and A1 is semivolatile
(as it is for all cases except case (d)), Ag

1 immediately parti-
tions into the particulate phase as Ap

1 with a partitioning co-
efficientK1; otherwise, Ag1 partitions only after it reaches its
saturation concentration in the gas phase. Instantaneous par-
titioning equilibrium can be assumed, since the characteristic
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 irre-
versible conversion of Ap1 to Bp

1. As noted, Kroll and Seinfeld
(2005) have considered the case of reversible aerosol-phase
reaction. The aerosol-phase reaction can also be represented
as a bimolecular reaction; this is included in cases (e) and (f).
The first-generation semivolatile product Ag

1 can be further
oxidized in the gas phase, represented by first-order reaction
of Ag

1 with a rate constantkg to form a second-generation
semivolatile product or a volatile product, Ag

2. Ag
2 itself may

then partition as Ap2, which itself may also react irreversibly
in the aerosol phase to form Bp

2.
The qualitative kinetic behavior of the general system de-

pends on the magnitudes of the various rate constants rel-
ative to the intrinsic HC oxidation rate constantkHC , as re-
flected by the ratios,βg (=kg/kHC), βp1 (=kp1/kHC), andβp2
(=kp2/kHC). In general, the quantities,kHC andMo(0), are
known. The most general form of the kinetic model admits
a number of special cases, (a)–(f) depending on the relative
values of the parameters.

3 General model behavior

The purpose of this section is to examine the qualitative na-
ture of SOA formation as would be observed experimentally
if the mechanism of SOA formation adheres to each of the
cases in Fig.1. This will allow us to assess the sensitivity
of the dynamic SOA formation processes to the particular
mechanism involved.
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Fig. 2. Characteristic growth curve (1Mo vs 1HC) for the two-
product Odum model (Eq. 1). (HC(0)=300 µg/m3, Mo(0)=0,
α1=0.4, K1=0.01 m3/µg, α2=0.1, K2=0.2 m3/µg) The disconti-
nuity atHC(0)=50 µg/m3 is a result of the instantaneous equilibria
of two semivolatile products with different partitioning coefficients.
When the less volatile product (product 2) saturates and begins to
form aerosol, it provides an absorbing medium for the more volatile
product (product 1) to condense instantaneously.

3.1 Odum model

Figure 2 shows the characteristic time-dependent growth
curve of SOA (1Mo) versus HC reacted (1HC) for the
Odum model (assuming two semivolatile products). At low
1HC and Mo(0)=0, no aerosol forms until the condens-
able products exceed their saturation concentrations. Be-
cause this is strictly an equilibrium model, aerosol growth
follows the same curve regardless of the initial HC concen-
tration (HC(0)). Aerosol formation is governed only by the
timescale of HC oxidation.

3.2 Case (a): First-generation product only with aerosol-
phase reaction

Case (a) in Fig.1 includes irreversible reaction of the first-
generation semivolatile product in the aerosol phase. When
particle-phase reaction is slow compared to HC oxidation
(βp1=0.1, see panel (a) of Fig.3), only after most of the
HC has been consumed does Ap

1 react to form an apprecia-
ble amount of Bp1, drawing the partitioning equilibrium to-
ward the aerosol phase. This behavior is evidenced by sig-
nificant growth (the vertical portion) after HC is essentially
consumed. If the aerosol-phase reaction is irreversible, the
semivolatile product is entirely converted to Bp

1, and the final
SOA yield is simply1Mo=α1 1HC. This gives rise to two
distinct regions in the growth curve: the first associated with
the early gas-particle partitioning and the second associated
with the slower aerosol-phase reaction. If the aerosol-phase
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Fig. 3. Characteristic growth curves for formation of first-
generation product only with aerosol-phase reaction (case (a)), with
α1=0.3. Panel(a): Growth curves for a fast (red), medium (green),
and slow (blue) aerosol phase reaction. Panel(b): Effect of chang-
ing initial amount of organic materialMo(0) for βp1=0.1.

reaction is fast relative to HC oxidation (βp1=10, see panel
(a) of Fig.3), as soon as Ap1 is formed it is quickly converted
to Bp

1. Ag
1 continues to condense to maintain partitioning

equilibrium, leading to rapid aerosol formation. Ag
1 is even-

tually entirely depleted because its rate of loss through Ap
1

exceeds the rate of supply from the HC oxidation. Again,
if the aerosol-phase reaction is irreversible, all of oxidation
product A1 must eventually be converted to the nonvolatile
aerosol-phase reaction product Bp

1, regardless of the value of
βp1. As a result, for this mechanism the final SOA yield
is independent of the initial hydrocarbon concentration, and
the yield curve (1Mo/1HC) is independent of the organic
aerosol mass concentration.

The amount of initial organic material present,Mo(0), also
affects the shape of the growth curve, as shown in panel (b)
of Fig. 3. As Mo(0) increases, the partitioning equilibrium
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Fig. 4. Characteristic growth curves for formation of first-
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 andβg=1, α1=0.3.

is shifted in favor of Ap1. Initial SOA formation occurs ear-
lier, so that at any particular value of1HC, the larger the
value ofMo(0), the greater the amount of aerosol formed.
Once the initial hydrocarbon is consumed, the amount of
SOA formed is the same regardless ofMo(0), although the
paths by which1Mo approach the final yield are quite dif-
ferent; this is an important observation relative to compari-
son of experimentally-determined SOA yields when the ini-
tial hydrocarbon is not entirely reacted.

3.3 Case (b): First-generation product with unimolecular
aerosol-phase reaction and with gas-phase conversion
to a volatile second-generation product

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-
cesses (scavenging, wall loss). Aerosol formation depends
on the competition between the formation of Bp

1 and Ag
2. The

final yield is governed not only by the partitioning between
Ag

1 and Ap
1, but also by the relative rates of gas-phase loss

of first-generation product and aerosol-phase reaction. The
SOA yield differs for different amounts of initial organic ma-
terial present, despite the same total organic aerosol load-
ing; consequently, the SOA yield could be underestimated in
chamber experiments owing to the induction period associ-
ated with the absence of organic or inorganic seed particles
(Kroll et al., 2007).

Figure4 shows growth curves for kinetic model case (b).
If the rate of the aerosol-phase reaction substantially exceeds
that of the gas-phase loss (βp1=10), the growth curve is sim-
ilar to that in case (a), and most Ag

1 condenses and forms
Bp

1. As βp1 decreases, the final yield decreases, as more
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of the oxidation product A1 is ultimately converted to Ag2.
At βp1=0.1, the aerosol-phase reaction is sufficiently slow
that Ap

1 repartitions to the gas phase and is lost to Ag
2, and,

as a result, total SOA mass reaches a maximum and de-
creases. Case (b) also provides a possible representation for
the “acid catalysis” effect when competing gas-phase reac-
tions are present, in which acidity can increase the overall
(“final”) SOA yield by catalyzing the rate of the aerosol-
phase reaction.

Since SOA formation in case (b) depends on both the
gas-particle partitioning equilibrium between Ag

1 and Ap
1 and

the relative rates of gas-phase loss and aerosol-phase reac-
tion, the initial amount of organic material affects the rel-
ative amounts of Ap1 and Ag

1, and thus the relative rates of
gas-phase and aerosol-phase reactions. Kroll et al. (2007)
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
to higher SOA yields, despite constant total organic aerosol
loading.

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

Case (c) includes the contribution of semivolatile com-
pounds formed from further gas-phase reaction of the first-
generation product. If gas-phase conversion of Ag

1 to Ag
2 is

relatively slow (e.g.βg=0.1), the second-generation aerosol
product Ap

2 does not form in an appreciable amount un-
til most of the HC has been consumed. Asβg increases,
formation of Ap

2 occurs earlier and in the limit ofβg>>1
approaches instantaneous partitioning. Panel (a) of Fig.5
shows the dependence of1Mo on 1HC for βg=0.1, 1, and
10 (at K2/K1=10). At βg=0.1, relatively little aerosol is
formed until a significant amount of Ag2 forms, because the
second-generation product is less volatile. Eventually all the
aerosol ends up as Ap

2, and the ultimate yield is indepen-
dent of the value ofβg. A vertical portion at the end of
the growth curve indicates that most of the SOA is second-
generation product formed after the parent HC is consumed.
If K2<K1, the first-generation product is less volatile. As
the reaction proceeds, Ap

1 evaporates and reacts to form the
second-generation product, which is more volatile. As in
case (b), the total mass of SOA can decrease over the course
of the HC oxidation (panel (b) of Fig.5). Note that regardless
of the values ofK1 andβg, the final SOA yield is identical
for the sameHC(0). This is because all the HC reacted must
eventually be in the form of Ag2 or Ap

2, and hence the final
SOA yield is determined only by the partitioning between
Ag

2 and Ap
2.

(a)

(b)

0 50 100 150 200 250 300
0

10

20

30

40

50

60

70

80

∆HC (µg/m3)

∆M
o (µ

g/
m

3 )

 

 

β
g
 = 0.1

β
g
 = 1

β
g
 = 10

α1 A1
g

A1
p

HC

A2
p

K1 K2

A2
gkHC kg

0 50 100 150 200 250 300
0

10

20

30

40

50

60

70

80

90

∆HC (µg/m3)

∆M
o (µ

g/
m

3 )

 

 

K
2
/K

1
 = 0.1

K
2
/K

1
 = 1

K
2
/K

1
 = 10

α1 A1
g

A1
p

HC

A2
p

K1 K2

A2
gkHC kg

Fig. 5. Characteristic growth curves for formation of first- and
second-generation semivolatile products with no aerosol-phase re-
action (case (c)), withα1=0.3. Panel(a): Growth curves for slow,
medium and fast further oxidation of first-generation semivolatile
compound (K1=0.01 m3/µg, K2=0.1 m3/µg). Panel(b): Growth
curves of case (c) whenK1>>K2, K1=K2, and K1<<K2 for
βg=0.1 andK2=0.1 m3/µg. SOA growth forK1>>K2 (blue) de-
creases after all the HC has been reacted because the first-generation
semivolatile product is further oxidized to a more volatile com-
pound in a slow reaction step.

3.5 Case (d): Volatile first-generation product and
semivolatile second-generation product

When the first-generation product Ag
1 is completely volatile,

SOA growth results only from the second-generation product
(K1=0), and the kinetics of this system admit an analytical
solution which describes the time-dependent growth curve
of the system:

1Mo =

{
A

p

2,eq if A
p

2,eq > 0
0 otherwise

(2)
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Fig. 6. Simulated SOA yields of case (e) under typical chamber ex-
periment conditions and atmospheric conditions. The values of the
parameters areα1=0.3, K1=0.1 m3/µg, βp1=1. For the chamber
simulations, no organic material is assumed to be initially present
(Mo(0)=0) and a relatively large amount of hydrocarbon is re-
acted (HC(0)=10 to 100 µg/m3). The total simulation time for
the “chamber” case is 1 day. For the “atmosphere” simulation, most
of the aerosol loading is assumed to be from background organic
material (Mo(0) up to 28 µg/m3), and a relatively small amount of
parent hydrocarbon is reacted (HC(0)=1 µg/m3). Since the typi-
cal lifetime of SOA in the atmosphere is less than 1 week, we use 3
days as the total simulation time for the “atmosphere” case.

where

A
p

2,eq =

[
1

K2
− A2 + Mo(0)

]
2

+

√[
1

K2
− A2 + Mo(0)

]2
+ 4A2Mo(0)

2

A2 =

{
α11HC −

α1HC(0)
βg−1

[
(1 − X) − (1 − X)βg

]
βg 6= 1

α11HC − α1HC(0) (1 − X) ln (1 − X) βg = 1

X =
1HC

HC(0)

A2 represents the sum of Ap
2 and Ag

2, and Ap
2,eq is the con-

centration of Ap2 if the gas- and particle-phases are in parti-
tioning equilibrium. The analytical solution allows us to see
more clearly the dependence of the SOA growth curve on the
kinetic and equilibrium parameters: a lowerHC(0) requires
a longer time to reach the same1HC, which gives a higher
amount of A2 (and hence, higher SOA growth) for the same
1HC. The dependence of SOA growth on the extent of re-
action,1HC/HC(0), will be discussed in more detail.

4 Effect of kinetic conditions on SOA growth

4.1 Molecularity of aerosol-phase reaction and experimen-
tal timescales

Up to this point we have assumed for convenience that
the aerosol-phase reaction, e.g. Ap

1→Bp
1, is kinetically first-

order. If aerosol-phase reactions are bimolecular, such
as in the formation of oligomers in the aerosol phase
(Ap

1+Ap
1→Bp

1), the rate of the reaction is intrinsically second-
order with respect to the aerosol-phase compound. We show
in the Appendix that in this case the rate constant still has
the units of inverse time. Thus the ratio of the aerosol-phase
reaction rate constant to the HC oxidation rate constant (βp1)
is still a useful parameter for representing the relative rate of
aerosol-phase reaction. Case (e) in Fig.1 describes the case
in which the first-generation semivolatile product undergoes
only a second-order aerosol-phase reaction.

For the same set of parameters{kHC , βp1, K1}, in the case
of second-order reaction the aerosol-phase reaction rate in
case (e) decreases significantly as the concentration of Ap

1
approaches zero. As a result, the semivolatile compound A1
may not be completely consumed within typical timescales
of a chamber experiment, and the observed yield is lower
than the theoretical yield ofα1 (Fig. 6). This effect is greater
whenHC(0) is lower because the aerosol-phase reaction rate
decreases nonlinearly with respect to concentration. Unlike
case (a), the SOA yield is not constant; it decreases asMo

decreases. The system exhibits partitioning behavior similar
to that seen in the Odum equilibrium model, but such behav-
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.

Figure6 also shows SOA yield curves from simulation of
case (e) under typical ambient and chamber conditions. The
ambient SOA yield (“atmosphere”) for this case, in which
the aerosol-phase reaction is bimolecular, is lower than that
measured in chamber experiments (“chamber”). This occurs
because the rate of the bimolecular aerosol-phase reaction is
proportional to both the total concentration of semivolatile
compound in the system (µg/m3 air) andxA, the fraction of
the condensed semivolatile compound in the organic phase
(µg A/µg 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
arises mainly from preexisting organic material, so SOA
components will be substantially diluted. Hence, bimolec-
ular aerosol-phase reactions may occur at a higher rate in
chamber experiments, where relatively higher VOC concen-
trations are used (Kalberer et al., 2004; Paulsen et al., 2006).
For the same set of parameters{kHC , βp1, K1}, the rate of a
first-order unimolecular aerosol-phase reaction is faster than
that of a bimolecular aerosol-phase reaction. It is therefore
likely that under atmospheric conditions, the SOA yield for
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Fig. 7. SOA yields in case (f) under typical chamber experiment
conditions and atmospheric conditions. For the chamber simula-
tions,Mo(0)=0,HC(0)=200 to 700 µg/m3. For the simulations of
atmosphere,Mo(0) up to 35 µg/m3, HC(0)=1 µg/m3. The values
for the kinetic parameters areα1=0.3,K1=0.1 m3/µg. Shown here
is the SOA yield for case (f) where the gas-phase loss rate and the
aerosol-phase reaction rate are comparable (βg=1, βp1=1). The
total simulation time is 1 day for the “chamber” case, and 3 days
for the “atmosphere” case.

case (a), in which the aerosol-phase reaction is unimolecu-
lar, is higher than that in case (e), where the aerosol-phase
reaction is bimolecular.

Case (f) includes gas-phase loss of the first-generation
semivolatile product, in addition to the bimolecular aerosol-
phase reaction. Since there is a competition between gas-
phase loss of Ag1 and aerosol-phase reaction of Ap

1, the final
SOA yield depends directly on the relative rates of these reac-
tions. The SOA yield for such a system would be lower in the
atmosphere, where the fraction of Ap

1 in the organic phase,
xA, is small and the bimolecular aerosol-phase reaction is
slow (Fig.7). Since the gas-phase loss is first-order, the SOA
yield would be overestimated when applying chamber mea-
surements to the atmosphere. On the other hand, for the same
set of parameters{kHC , βp1, βg, K1}, aerosol growth in case
(b), in which the aerosol-phase reaction is unimolecular, is
higher than that in case (f), where the rate of the bimolec-
ular aerosol-phase reaction becomes much slower as Ap

1 is
consumed and the fraction of Ap

1 in the organic phase (xA)
approaches 0.

4.2 Rate of hydrocarbon oxidation

Ng et al. (2007) and Kroll et al. (2005) reported SOA yields
from the photooxidation ofm-xylene and isoprene, respec-
tively, that were higher than previously measured (Odum et
al., 1996; Pandis et al., 1991). In these experiments, HONO
is used as an OH precursor, which rapidly photolyzes to pro-
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drocarbon oxidation.kg=kp1=1 hr−1, α1=0.3, K1=0.05 m3/µg,

Mo(0)=0.01 µg/m3.

duce substantially higher concentrations of OH radicals than
are generally formed from HC/NOx irradiations. While it is
possible that this increases the rate of further gas-phase oxi-
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
even without further gas-phase oxidation steps (in case (b)).

Figure8 shows the growth curves for case (b) with increas-
ing hydrocarbon oxidation ratekHC . The rates of the other
processkg andkp1 are kept constant; this assumes they are
independent of OH concentration. At higherkHC , the to-
tal concentration of A1 is higher at any given time. Owing
to the nonlinear nature of absorptive partitioning, the gas-
particle equilibrium is shifted in favor of the particle phase
when more organic material is present (Pankow et al., 1994a,
b). In other words, higher total concentrations of semivolatile
compound A1 leads to not only a higher absolute concentra-
tion of Ap

1 but also a larger ratio of Ap1 to Ag
1 at any given

time. This increases the rate of aerosol-phase reaction rela-
tive to the gas-phase loss, which increases SOA growth. Such
a “rate effect” is the result of competition between gas-phase
loss to nonreactive volatile compounds and aerosol-phase re-
action which lowers the vapor pressure of semivolatile com-
pounds. Therefore, there is a kinetic dependence of SOA
growth on the rate of oxidation, and this highlights the need
to carry out chamber experiments under atmospherically rel-
evant rates of oxidation.

4.3 Extent of reaction

In the Odum model, it is assumed that the SOA yield at a par-
ticular 1HC is independent of the extent of reaction, since
SOA growth is governed only by the amount of semivolatile
formed. As a result, the growth curves under different
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Fig. 9. Growth curves under different initial hydrocarbon con-
centrations, HC(0). Panel(a): Growth curves of case (a) with
a relatively slow aerosol-phase reaction of semivolatile product
(βp1=0.1, K1=0.1 m3/µg). Panel(b): Growth curves of case
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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 differentHC(0) does not follow the
same curve. The growth is higher for a lowerHC(0) at the
same1HC, because it takes longer at lowerHC(0) than at
higherHC(0) to consume the same amount of hydrocarbon,
1HC, allowing more time for the gas- or aerosol-phase re-
action of the first-generation semivolatile product, producing
a less volatile product. Such dependence of SOA growth on
HC(0) (higher growth for lowerHC(0) at the same1HC)
is also shown in Eq. (2), for the special case where the first
generation product is completely volatile (case (d)). This de-
pendence of SOA growth on initial hydrocarbon concentra-
tion has been observed in some systems (Ng et al. 2006,
2007; Sato et al., 2004). As a result, when measuring SOA
yield in the chamber, it is desirable to consume the parent
hydrocarbon to the fullest extent for the measurement to be
atmospherically relevant.

4.4 Effect of particle-phase reaction vs. further gas-phase
reaction

From the overall kinetic model, one may be able to infer the
relative importance of kinetic processes in a particular sys-
tem by studying the behavior of the SOA growth curve ex-
hibited by that system. In the general model in Fig.1, both
irreversible aerosol-phase reaction and further gas-phase re-
action leading to products with even lower volatility are con-
sidered (ignoring the aerosol-phase reaction of Ap

2). Fig-
ure10 shows the growth curves of systems in which the fur-
ther gas-phase reaction that leads to an essentially nonvolatile
compound is dominant (βg=1,βp1=0.01) and another system
in which the aerosol-phase reaction is more important than
further gas-phase reaction (βg=0.01, βp1=1). If the initial
amount of organic material,Mo(0), is small (as illustrated in
panel (a) of Fig.10), most of the semivolatile compound A1
stays in the gas phase as Ag

1. In the case in which the gas-
phase reaction of A1 is relatively fast, the semivolatile com-
pound A1 reacts to form A2, which is essentially nonvolatile,
and the delay in SOA growth is therefore short. On the other
hand, if the gas-phase reaction of A1 is relatively slow, the
SOA growth is small until there is sufficient partitioning to
form Ap

1. There is a significant delay between formation of
semivolatile A1 in the gas phase and condensation and fur-
ther reaction in the aerosol phase to form the nonvolatile Bp

1.
Although the final yield is the same for these two cases (both
final products Bp1 and Ap

2 are assumed to be nonvolatile), the
growth in the latter case occurs later than that in the former
case. However, if there is a significant amount of background
organic material (such that partitioning occurs quickly) or if
the secondary reactions (gas- and aerosol-phase reactions of
A1) are sufficiently rate-limiting compared to the oxidation
of the parent hydrocarbon, the difference between the two
growth curves becomes smaller and they cannot easily be dis-
tinguished from each other, as illustrated in panels (b) and (c)
of Fig. 10.

5 Application to SOA-forming systems

5.1 Fitting experimental data to the kinetic model

To evaluate the extent to which it is possible to fit a unique
set of kinetic and equilibrium parameters for the models in
Fig.1 to experimental data, the models were used to generate
synthetic SOA growth data, which were then used as a basis
for recovering the parameters used to generate the data via
optimization. With the exception of case (d), in which SOA
growth results only from condensation of one semivolatile
compound, the “true” parameters could not be easily recov-
ered and the minimized errors between simulated and mod-
eled SOA growth do not necessarily represent the global min-
imum. In these cases, SOA growth results from either a
first-generation product (Ap1) 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 reaction of Ap
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aerosol-phase reaction (βg>>βp1), and the red curves represent cases in which the aerosol-phase reaction is faster than the gas-phase reaction

(βg<<βp1). Panel(a): Growth curves of the overall kinetic model with a small amount of initial organic material (Mo(0)=0.1 µg/m3). Panel

(b): Growth curves of the same model with a large amount of initial organic material (Mo(0)=10 µg/m3). Panel(c): Growth curves of the
same model with the same amount of initial organic material as that depicted in panel (a) (Mo(0)=0.1 µg/m3), but the gas- and aerosol-phase
reactions of A1 are 10 times slower than in panel (a).

or aerosol-phase reaction (Bp
1 or Ap

2). Since the measured
SOA growth represents the sum of all aerosol-phase prod-
ucts (1Mo), some of the parameters (such asK1 andβp1) are
not independent and multiple sets of parameters can describe
the same SOA growth curve. When the same test was per-
formed using both measured SOA growth (total1Mo) and
the concentration of a gas-phase product (e.g. Ag

1), the true
parameters were recovered.

Even in the case in which sufficient gas-phase data are
not available in order to estimate a unique set of param-
eters, kinetic modeling can be used to provide a theoreti-
cal framework for interpreting trends in SOA growth data
from chamber experiments and gain insight into the mecha-
nisms of SOA formation. From the qualitative nature of time-
dependent growth curves, one can infer information about the
kinetic mechanisms important to SOA growth and the rela-
tive rates of reaction, as shown in the following sections.

5.2 α-Pinene ozonolysis

SOA growth data forα-pinene ozonolysis are shown in
Fig.11(Ng et al., 2006). The growth curves from each exper-
iment (with varyingHC(0)) can be fitted to a single growth
curve of two partitioning products, which is characteristic of
a system that behaves like the equilibrium Odum model. Al-
though aerosol-phase reactions exist in theα-pinene/O3 sys-
tem (Gao et al., 2004a; Tolocka et al., 2004; Iinuma et al.,
2004), the behavior in Fig.11suggests that any aerosol-phase
reactions are essentially reversible for this system (Kroll et
al., 2005; Grieshop et al., 2007). Since the growth curves
at different initial hydrocarbon concentrations overlap, the
first step of hydrocarbon oxidation is rate-limiting (Ng et al.,
2006), such that the extent of reaction has no effect on the
yield at any given1HC. The data are consistent with an
aerosol-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 fromα-pinene ozonol-
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experiments adhere to the prediction of the Odum model (blue
line). Values for the parameters of the fitted curve areα1=0.19,
K1=0.52 m3/µg,α2=0.64,K2=0.0025 m3/µg.

5.3 Isoprene photooxidation under low-NOx conditions

In studies of isoprene photooxidation under low-NOx condi-
tions, photochemical loss of SOA mass after initial formation
of SOA is observed (Kroll et al., 2006), indicative of loss of
semivolatile compounds by photolysis or further oxidation
reactions (Fig.12). SOA formation likely occurs from con-
densation of hydroperoxides (Miyoshi et al., 1994; Kroll et
al., 2006; Surratt et al., 2006), formed from reaction of RO2
with HO2 radicals, and the growth behavior exhibited in this
system is likely due to a mechanism similar to case (b) of the
kinetic model.

Figure12shows that the time-dependent SOA growth data
are consistent with case (b) of the kinetic model. Fitting of
the data shows that the gas-phase loss of semivolatile prod-
ucts is about one order of magnitude slower than formation
of the semivolatile product (kg=kHCβg≈0.003 min−1). The
formation of products in the aerosol phase, evidenced by de-
crease in peroxide concentrations and increase in high-MW
product concentrations over time (Kroll et al., 2006; Surratt
et al., 2006), is even slower (kp1=kHCβp1≈0.0003 min−1);
the net result is that the condensed semivolatile compounds
evaporate as gas-phase semivolatiles react and the total SOA
mass decreases over time.

5.4 m-Xylene photooxidation under low-NOx conditions

Figure13 shows SOA growth during photooxidation ofm-
xylene under low-NOx conditions (Ng et al., 2007). The
divergence of the growth curves at differentHC(0) sug-
gests that the mechanism contains multiple reaction steps
to form SOA, and the oxidation ofm-xylene is not en-
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Fig. 12. SOA growth data observed during isoprene photooxidation
under low-NOx conditions fit to case (b) of kinetic model. Values
of the fitted parameters areα1=0.30,K1=0.033 m3/µg, βg=0.24,
βp1=0.027. The rate constant of isoprene oxidation,kHC , was

measured from the hydrocarbon decay to be 0.0114 min−1. Data
from Experiment 5, Fig. 2 of Kroll et al. (2006).

tirely rate-determining. Similar divergence has been ob-
served in the photooxidation of toluene (Ng et al., 2007;
Sato et al., 2004). Measured SOA growth in each exper-
iment is consistent with the general behavior of case (d),
the parameters of which have been adjusted to fit the ex-
perimental growth curves, with values:α1=0.383,βg=6.45,
K2=7.01 m3/µg. Because of the low NOx levels in these
experiments, the two most likely first-generation products
are organic peroxides formed from reaction of the bicyclic
peroxy radical with HO2, and dimethylphenols formed from
reaction of the cyclohexadienyl radical with O2 (Calvert et
al., 2002). The relative magnitudes of rate constants de-
rived from fitting of the data to case (d) (βg=6.45) are
in rough agreement with literature values for photooxida-
tion of m-xylene and dimethylphenols (kOH+m−xylene =

2.31 × 10−11 cm3/molec·s, kOH+2,4−dimethylphenol = 9.1 ×

10−11 cm3/molec·s, for a calculatedβg of 3.9) (MCM v
3.1, http://mcm.leeds.ac.uk/MCM/), but the mass yield of
dimethylphenols fromm-xylene photooxidation as predicted
by the Master Chemical Mechanism v 3.1 is only 20%, sug-
gesting that there are likely other channels that lead to SOA
formation.

6 Implications

An idealized kinetic model is presented here that is a com-
pact representation of different mechanisms of SOA forma-
tion, such as heterogeneous reaction, chemical loss of total
SOA over time, and delayed SOA formation. The analysis
reveals a number of important features of SOA formation that
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Fig. 13. SOA growth data observed duringm-xylene photooxi-
dation under low-NOx conditions (Ng et al., 2007) are consistent
with case (d) of the kinetic model. The crosses represent SOA
growth from each experiment, and the solid lines represent nu-
merical solutions to case (d) of the kinetic model, with identical
experimental conditions (HC(0), Mo(0), kHC ). The parameters
in the model are adjusted to fit the experimental data:α1=0.383,
βg=6.45,K2=7.01 m3/µg.

are not generally appreciated. When gas-phase formation of
semivolatile compounds occurs via multiple steps, the kinet-
ics of SOA growth may differ under different initial hydro-
carbon concentrations,HC(0), even with the same amount
of hydrocarbon reacted,1HC. In addition, if the SOA
formation mechanism involves a competition between irre-
versible gas-phase loss of semivolatile products to volatile
compounds and irreversible aerosol-phase reaction to form
additional particle-phase products, the SOA yield depends
on the amount of initial organic material, even at constant
total organic aerosol loading. Also, the rate of hydrocarbon
oxidation can affect the SOA yield. As a result, to predict
the amount of SOA formed from hydrocarbon oxidation, one
must measure SOA yield under atmospherically relevant ki-
netic and equilibrium conditions, such as extent of reaction,
seed level and rate of hydrocarbon oxidation.

Simulation of bimolecular reactions in the aerosol phase,
such as oligomerization reactions, shows that these reactions
can be kinetically unfavorable under atmospheric conditions,
and the relative importance of these reactions could be over-
estimated in chamber experiments. The rate of such reactions
is limited by the fraction of SOA formed from VOC oxida-
tion in the organic phase; in ambient aerosols, this fraction
is smaller than in typical chamber experiments. On the other
hand, pseudo-unimolecular reactions, such as formation of
organosulfates on seed aerosols containing large amounts of
sulfate (Liggio et al., 2005; Liggio and Li, 2006; Surratt et
al., 2007), could be relatively more important in contributing

to total SOA growth. This observation again suggests that to
correctly represent atmospheric SOA formation, chamber ex-
periments should be conducted with an appropriate amount
of seed such that preexisting organic material occupies a sig-
nificant fraction of the final organic phase volume. Experi-
ments exploring the effects of parameters such as seed com-
position and concentration on SOA yields will be useful in
understanding the mechanisms of SOA growth relevant to
the atmosphere.

In summary, the dominant feature of SOA formation is the
gas-phase generation of semivolatile oxidation products that
undergo equilibrium partitioning between the gas and parti-
cle phases. The rate at which SOA actually forms depends
on the timescales of competing processes, such as multiple
generations of gas-phase reactions and particle-phase reac-
tions of semivolatile organics, which may occur over several
generations; the ultimate amount of SOA that is produced
can depend on the quantity of pre-existing aerosol. From the
analysis presented here it is clear that, while different con-
trolling mechanisms can lead to differing SOA growth be-
havior, it is not generally possible to infer the precise mech-
anism of SOA formation solely on the basis of the SOA
growth data (1Mo versus1HC). We note that the fits to the
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-
dergo semivolatile partitioning versus further gas-phase reac-
tion or whether two products are formed in series or in paral-
lel. While kinetic models presented here show how reaction
rates may have a profound influence on SOA formation from
a given hydrocarbon, to distinguish between reaction mech-
anisms that lead to similar overall SOA growth behavior re-
quires detailed chemical measurements of gas- and aerosol-
phase species.

Appendix A

Second-order aerosol-phase reaction involving
semivolatile products

The reaction rate per unit volume of condensed phase species
A that undergoes self-reaction can be expressed as:

1

Vo(t)

dNA

dt
= −2k

(
NA

Vo(t)

)2

(A1)

whereNA is the number of moles of speciesA in the organic
phase,Vo(t) is the volume of the organic phase, andk is the
second-order rate constant (m3/mol s). We can express this
reaction rate per unit volume of air V (m3) as:

d (NA/V )

dt
= −2k

(
NA

V

)2 (
V

Vo(t)

)
(A2)
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Assuming that the mass density of the organic phase is con-
stant, the reaction rate expressed in terms of the rate of
change of the mass ofA in the organic phase,mA (µg), is:

1

MWA

d (mA/V )

dt
=

2kρo

MWA
2Mo(t)

(mA

V

)2
(A3)

whereMWA is the molecular weight ofA (µg/mol), ρo is
the mass density of the organic phase (µg/m3 of the organic
phase) andMo is the total mass concentration of the organic
phase (µg/m3 of air). Upon rearranging, the reaction rate can
be expressed as:

rA =
dcA

dt
= −

(
2kρo

MWA

)
cA

2

Mo

= −k′
cA

2

Mo

(A4)

wherecA is the mass concentration ofA (µg/m3 of air). The
rate constant,k′

=
2kρo

MWA
, has units of s−1. Alternatively, the

rate of the bimolecular aerosol-phase reaction is:

rA = −k′cA

(
cA

Mo

)
= −k′cAxA (A5)

wherexA is the mass fraction of speciesA in the organic
phase. The rate is therefore dependent on both the total con-
centration ofA in the system (µg/m3 of air) and the fraction
of A in the organic phase (µgA/µg organics).
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