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Gas-phase kinetics modifies the CCN activity of a
biogenic SOA†

A. E. Vizenor ab and A. A. Asa-Awuku *abc

Our current knowledge of cloud condensation nuclei (CCN) activity and the hygroscopicity of secondary

organic aerosol (SOA) depends on the particle size and composition, explicitly, the thermodynamic

properties of the aerosol solute and subsequent interactions with water. Here, we examine the CCN

activation of 3 SOA systems (2 biogenic single precursor and 1 mixed precursor SOA system) in relation

to gas-phase decay. Specifically, the relationship between time, gas-phase precursor decay and CCN

activity of 100 nm SOA is studied. The studied SOA systems exhibit a time-dependent growth of CCN

activity at an instrument supersaturation of B0.2%. As such, we define a critical activation time, t50,

above which a 100 nm SOA particle will activate. The critical activation time for isoprene, longifolene

and a mixture of the two precursor SOA is 2.01 hours, 2.53 hours and 3.17 hours, respectively. The

activation times are then predicted with gas-phase kinetic data inferred from measurements of

precursor decay. The gas-phase prediction of t50 agrees well with CCN measured t50 (within 0.05 hours

of the actual critical times) and suggests that the gas-to-particle phase partitioning may be more

significant for SOA CCN prediction than previously thought.

Introduction

The ability to become CCN and form a stable droplet depends on
a particle’s hygroscopicity and water activity. The term hygro-
scopicity characterizes the aerosol solute bulk composition.
Hygroscopicity can be and is often quantified by the single
parameter, kappa (k), measured at sub and supersaturated
relative humidities.1 Traditionally, kappa values are assumed to
be constant for aerosols of singular chemical composition. For
secondary organic aerosol (SOA), comprised of thousands of
compounds, few of which have been speciated,2 the average
kappa has values near B0.1 and can increase with ageing.1,3–9

In several published cases, the apparent hygroscopicity of
SOA can be dynamic and transient, although deviations within
�0.05 of the reported kappa values can be considered within
the uncertainty of analysis.10–13 Tang et al.10 found that kappa
of the amine SOA varied with supersaturation, whereas Zhao
et al.12 demonstrated a changing kappa value with changing
O : C ratios (biogenic versus anthropogenic SOA precursors).

However, Hildebrandt-Ruiz et al.13 found that O : C and kappa
did not appear to show a relationship, although the possibility
of gas-phase surfactants may explain this. Recent studies have
shown a direct dependence between kappa and the changing
composition of SOA.6,11,12 For example, Zhao et al.11 demon-
strated a size dependence of kappa with ageing. The changes
in hygroscopicity were strongly correlated with changes in
particle oxidation attributed to oxidation primarily occurring
in the gas phase and whose products were partitioned between
the particle phase and gas phase through condensation and
evaporation.11

Due to instrumentation limitations, kappa values are often
reported in specific times of ageing experiments. Particle diameters
can shift to larger sizes beyond the window of instrument super-
saturation and the critical electrical mobility diameter.4,9,11,14

For example, Asa-Awuku et al.4 explored the CCN activity of
the b-caryophyllene SOA and noted a shift in the activation
diameter over the course of the experiment. The CCN/CN ratio
for 100 nm particles at 0.61% supersaturation increased
sigmoidally over time as well. Vizenor et al.14 showed that
k-hygroscopicity values could only be obtained in the initial
stages of SOA formation and ageing for the longifolene SOA.
Furthermore, the evolution of the longifolene SOA likely occurred
from gas-phase autooxidation and CCN activity changed with
time.14 In the studies above, hygroscopicity changes are
generally associated with the particle phase of aerosols, rather
than the properties of the gas-phase precursors. Thermo-
dynamic droplet theory is modified using the solute properties
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(e.g. molecular weight, density, molar volume, etc.) and as such
the aerosol solute properties are often explored in conjunction
with CCN measurements.

The recent results of Zhao et al.11 and Vizenor et al.14 are
indicative of a stronger and more influential role of gas-phase
chemistry in SOA CCN. Here, we explore the role of gas-phase
chemistry and CCN with a systematic study that relates the
chemistry of the decay of gas-phase biogenic SOA precursors to
CCN activity. Specifically, we present multiple datasets for SOAs
formed from isoprene, longifolene and an atmospherically
representative mixture of a monoterpene/sesquiterpene pre-
cursor with a hydroxyl radical. Longifolene is a less studied
compound yet its slow decay allows for discrete measurement.
Longifolene is not reactive with ozone;15 thus excess hydroxyl
radical photooxidation is employed to ensure that all pre-
cursors react. Several SOA and CCN studies tend to focus on
single precursor SOA yields and oxidation states; singular pre-
cursor studies are useful for developing reaction mechanisms
and the identification of compounds. Yet the atmosphere is a
complex system with a plethora of VOC precursors and oxidants
present at once. Multiple precursor studies contribute an added
level of complexity that are characteristic of real-world emissions
and reactions. Interactions between gas-phase VOC precursors,
oxidants, and their subsequent reaction products are not well
understood and may alter the chemical and physical properties
of the resulting SOA CCN. The following work investigates the
evolution of the SOA properties from single and multiple
precursors with an emphasis on gas-phase kinetics and CCN
activity.

Methods and instrumentation

Experiments were conducted at the University of California,
Riverside, College of Engineering, Center for Environmental
Research and Technology (UCR/CE-CERT), atmospheric chamber
facility. Dual 90 m3 Teflon reactors are housed in an insulated
enclosure.16 Temperature was kept constant at room temperature
(21 1C), and relative humidity was maintained below 0.1% relative
humidity (RH, LI-COR LI-840A CO2/H2O analyzer). The enclosure
is continuously flushed with purified air (Aadco 737 series air
purification system; Cleves, Ohio), and 272 115 W Sylvania black
lights were used to simulate irradiation and UV light in the
chamber. 2 ppm of H2O2 was injected in each experiment and
provided a source of OH radicals. VOCs were then injected with
target concentrations of B100 ppb for isoprene and B7 ppb
for longifolene, to simulate the much larger concentration
ratios of isoprene to sesquiterpenes commonly found in the
environment.17–19 UV lights were turned on after all injections
were stabilized. Photooxidation lasted up to 8 hours and both
gas and particle-phase properties were measured.

Gas-phase VOC precursor decay was quantified with an
Agilent Gas Chromatograph-Flame Ionization Detector (GC-FID).
Both longifolene and isoprene were detected using a GC-FID.
Gas-phase data were collected every B25 minutes. The terpene
retention times during gas chromatography are distinct. Thus,

isoprene and longifolene are an optimal choice for an experi-
mental study; the possibility of redundancy in VOC concen-
tration measurements with GC-FID is eliminated in multiple
precursor experiments. In multiple precursor studies, the pre-
cursor concentration is reported as the sum of the precursors
and individually for each precursor component.

A home built scanning mobility particle sizer (SMPS) measured
the particle number concentration (27–685 nm size distribu-
tions).20 The aerosol mass concentration was calculated by
multiplying the measured SOA density, r (Aerosol Particle Mass
Analyzer, APM, Kanomax model 3600) and the SMPS particle
volume. Yield was then calculated with the one-product model,21

defined as the ratio of particle mass produced (from SMPS, and
APM data) to the amount of reactive gas species (consumed
precursor from GC-FID data). The aerosol elemental composition
and the oxidation state were also measured using an Aerodyne
High Resolution Time-of-Flight Aerosol Mass Spectrometer
(HR-ToF-MS).22–24 Improved-ambient corrections were applied
for O : C and H : C calculations.24

CCN activity was measured using a Droplet Measurement
Technologies (DMT) Continuous-Flow Streamwise Thermal
Gradient CCN Counter (CCNC).25–27 Aerosol was classified with
a commercial SMPS (TSI, 3080) and operated in parallel to a
condensation particle counter (CPC, TSI 3772 or 3776) and the
CCNC. 100 nm mobility diameter particles were selected and
the ratio of activated CCN to total particles (condensation
nuclei, CN) was observed at B0.2% supersaturation (SS). For
constant and known solute composition, the CCN/CN ratio at
given particle diameters and supersaturations will not change
(i.e., CCN/CN ratio of (NH4)2SO4 at 100 nm and 0.2% SS = 1); the
kappa value is also constant as the solute composition does not
change. The reported SS for each experiment was derived from
instrument calibration with (NH4)2SO4. Each calibration deter-
mined critical diameters to infer actual instrument SS (Fig. S1,
ESI†). Data were also charge corrected to account for doubly-
charged particles. The ESI† shows the charge corrected data for
the measured size distribution (100 nm particles are also
indicated). It is noted that the charge corrected size distribu-
tion of particles becomes more CCN active during the ageing
experiment.

Results and discussion

In all experiments, SOAs are substantially formed from sub-
sequent CCN measurements. While sesquiterpenes are known
to produce high yields of aerosols (450%), isoprene generally
does not produce yields greater than 8%.14,28 Here, the average
yield of longifolene and isoprene SOAs is 60% and 13%,
respectively. Despite the low yield of the isoprene SOA and
small precursor concentrations of the longifolene SOA, enough
SOA is produced for physical and chemical particle measure-
ments (e.g., 19 mg m�3 and 50 mg m�3 for the isoprene SOA and
longifolene SOA, respectively). The average SOA yield of the
isoprene + longifolene precursor mixture is 25%. The SOA yield
is consistent with previous sesquiterpene and isoprene SOA
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formation yields.9 Furthermore, both studies show that small
amounts of sesquiterpenes in the presence of isoprene increase
reactivity, leading to non-additive higher SOA yields.

SOA nucleation and formation begins 20 minutes after the
initiation of photooxidation. At that time, 100 nm are present in
sufficient concentrations (450 #/cc). The average CCN/CN ratio
of 100 nm particles of the longifolene SOA, isoprene SOA and
isoprene + longifolene SOA is plotted in Fig. 1 at 0.24% SS.
The CCN/CN ratio is plotted versus particle electrical mobility
diameter or SS, and the point of inflection on the sigmoid is the
critical dry diameter or critical supersaturation, above which
particles will rapidly activate as CCN.1,29 A similar sigmoid can
be applied to plot CCN/CN versus time for a given particle
diameter and SS as follows:

CCN

CN
¼ Smin þ

Smax � Smin

1þ t50ccn

t

h ir (1)

where Smin is the minimum value of the bottom plateau’s
sigmoid, Smax is the maximum plateau value, t50ccn is the critical
time at which 50% of the particles activate as CCN, t is the time
at which measurements are taken and r is the rate at which the
sigmoid increases. Theoretically, Smin and Smax are equal to 0
and 1, respectively, as there are no CCN active particles at the
beginning of the experiment (CCN/CN = 0). Later, if the particle
is sufficiently hygroscopic, all of the particles activate as CCN.
The most important sigmoidal variables for SOAs are t50ccn and r,
as these variables can be unique to specific SOA precursors. t50ccn

values of isoprene, longifolene and the SOA mixture are 1.95,
2.53 and 3.17 hours, respectively (Table 1). The critical times for
activation appear to be distinct for the three separate systems.

Furthermore, the critical time for 100 nm particles to form CCN
active materials in the multiple-precursor SOA system is longer
than that of the single-precursor SOA. r, the rate at which the
sigmoid increases is similar for individual precursors (B2) but
significantly larger for the SOA mixture. The SOA from the
precursor mixture rapidly becomes active after t50ccn.

Changes in the particle CCN activity are likely due to chemical
changes (either in the bulk or the surface) of the aerosol. Again,
the effects of doubly charged particles have been accounted for
(Fig. S1, ESI†). Yet the additional physical and chemical aerosol
data available for this study provide little information about the
rapid change in CCN activity after t50CCN. For example, the
density of the SOAs from isoprene, longifolene and the terpene
mixture SOA remains constant (1.3 � 0.1) during experiments.
The bulk O : C and H : C ratios from AMS data provide some
insights into the changing chemical properties of 100 nm
particles but do not exhibit rapid changes (Fig. 2). In Fig. 2,
longifolene has lower O : C and H : C (B0.24 and 1.6, respectively)
and isoprene has higher values (0.7 and 1.95). The oxidation state
of the mixture does discernibly change with time (Fig. 2). At the
start of isoprene + longifolene SOA formation, the mixture
appears higher on the Van Krevelen plot, similar to the isoprene
SOA oxidation state. However, as the reaction progresses, the
O : C and H : C ratios decrease by B0.2, and appear more like a
longifolene SOA. The AMS data of the SOA mixture are consistent
with yield calculations and suggest that small amounts of
longifolene may contribute to the composition and function-
ality of the SOA as the reaction progresses. Yet, it is noted that

Fig. 1 CCN/CN activation ratio of 100 nm SOA Particles versus time.
Multiple measurements of isoprene SOA (red triangles), longifolene SOA
(blue circles) and isoprene + longifolene mixture SOA (purple diamonds)
are shown. Lines are the average best fit sigmoid as presented in eqn (1).

Table 1 Time dependent CCN SOA properties of 100 nm particles

k Base Max Rate
kt

C1�n
A

� �50
t50,gas

(h)
t50,ccn

(h)

Longifolene 0.87 h�1 0.01 1.15 2.01 2.01 2.31 2.15
Isoprene 1.03 h�1 0.00 1.07 1.80 1.80 1.74 1.75
Mixture 0.22 ppm(0.25) h�1 0.01 0.96 18.5 1.60 3.00 3.15

Fig. 2 Van Krevelen diagram of biogenic SOA systems. HR-AMS measure-
ments of isoprene SOA (red triangles), longifolene SOA (blue circles) and
isoprene + longifolene mixture SOA (diamonds) are shown. The transition
of the isoprene + longifolene mixture SOA with time are shown for two
distinct experiments. Isoprene, and longifolene SOA systems do not signifi-
cantly change with time.
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the HR-AMS aerosol chemical information presented is limited
with regard to the CCN activation of 100 nm particles; it is not
single-particle chemistry data and the AMS aerodynamic lens
provides bulk chemistry information skewed for particles4B60 nm
in the electrical mobility diameter. Consistent with previous
studies, O : C only provides an approximate guide to particle
hygroscopicity.30

The gas-phase chemical decay however is consistent with the
time scale of aerosol formation and ageing. In all experiments, more
than 95% of the initial gas-phase precursor was consumed by the
end of the experiment. The single-precursor decay of longifolene
and isoprene was assumed to fit a simple first-order exponential
decay.31,32 The assumptions are validated by plotting the natural
logarithm of the ratio of the precursor concentration divided by the
initial precursor concentration as a function of photooxidation time
and forcing the best fit through zero (Fig. 3(top), see the ESI† for the
kinetic derivation). The slope of the linear fit corresponds to an
observed reaction constant, k (Table 1). k values are not absolute and
are specific to the conditions of the chamber system. Additionally,
k values are not corrected for particle formation known to influence
gas-phase reactions.15,28,29 Longifolene (as expected) had a slower
decay rate than that of isoprene. The measured data agree well with
the first-order assumption (Fig. 3(top), R2 = 0.97 and 0.98, isoprene
and longifolene, respectively). This same experimental protocol and
analysis was then applied to the more complex multiple precursor
studies.

In multiple precursor experiments, the time for individual
precursor decay was significantly longer (almost double) in the
presence of excess H2O2 (2 ppm). The measured concentrations
of isoprene and longifolene in the multiple precursor experi-
ments did not exhibit first-order decay; the resulting fit of the
first order model resulted in lower correlations for isoprene and
longifolene (R2 = 0.59 and R2 = 0.67, respectively). This change
in the observed pseudo-reaction order suggests a non-additive
precursor behaviour and the possibility of gas-phase cross
reactions between oxidation products. As such, a kinetic model
assuming overall pseudo-nth order kinetics was applied to the
multiple-component system and individual precursors in the
mixed precursor experiment. These decays were also plotted
using two first-order decay fits and the analysis is presented in
the ESI.†

To estimate the order of the reaction for multiple precursors,
nth order kinetic analysis was performed by plotting the ratio of

gas-phase concentrations,
C1�n

C1�n
0

, versus photooxidation time

(Fig. 3(bottom)). The value of the pseudo-order, n, was obtained
from a best-fit linear regression (see the ESI† for derivation and
additional details). The nth order kinetic analysis estimates that
the observed overall order of the reaction for the isoprene +
longifolene SOA is 0.75 (Fig. 3(bottom)) and is less than 1 and is
consistent with a slower decay of precursors. A similar analysis
is applied to the individual precursors and shows that the
overall kinetics are non-elementary; longifolene decays with
the 0.5 order and isoprene decays with the 0.75 order. Notably,
the best fit of the overall reaction order is similar to that of
isoprene, further suggesting that isoprene plays a significant

role, driving the overall reactivity of the system. The pseudo-nth
order kinetics provides a more robust mathematical description
of the gas-phase kinetics compared to the two-parameter fit
first-order decay. The apparent reaction constant, kOH, as esti-
mated from the respective nth-order analysis is reported for single
and multiple-precursor SOA systems (Table 1). For longifolene,
the kOH values were 0.87 h�1 and 0.0245 ppm0.5 h�1 for single and
multiple precursor reactions, respectively. Isoprene kOH values
were 1.03 h�1 and 0.2331 ppm0.25 h�1. The overall kOH for the
multiple precursor reactions was 0.220 ppm0.25 h�1 and is similar

Fig. 3 Normalized gas-phase kinetic decay (top) single precursor decay
of isoprene (red triangles) and longifolene SOA (blue circles) experiments.
Assuming pseudo-first order kinetics, a best fit linear regression through the
origin is applied to isoprene and longifolene (red, and blue lines, respec-
tively) (bottom) overall precursor decay of isoprene + longifolene SOA
mixtures (purple diamonds) and individual decay of isoprene (red triangles)
and longifolene (blue circles) within the mixture. The total precursor con-
centration is the sum of isoprene and longifolene. The multiple-precursor
system does not follow first order kinetics and is thus plotted assuming
nth-order kinetics.
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to that of isoprene in the system. Again, the similarity in the
apparent reaction constant of the complex precursor mixture with
kOH of isoprene in the mixture strongly indicates that isoprene
plays a significant role in the gas-phase chemistry and subsequent
aerosol formation in the mixed isoprene + longifolene oxidation
experiment.

The gas-phase decay as described above can be related to
changes in the CCN activity of 100 nm particles. In pseudo first-
order systems (i.e., isoprene and longifolene SOA), the reactant
concentration during decay can be normalized as follows:

� ln
C

C0

� �
¼ kt (2)

where C is the precursor concentration at time, t, and C0 is the
initial concentration. It should be noted that the first-order normal-
ized decay is non-dimensional and equivalent to kt (the reaction
rate constant multiplied by time). The CCN/CN ratio for 100 nm
particles at 0.24% SS was then plotted versus the normalized gas-
phase decay (Fig. 4) estimated from kinetic parameters (Fig. 3). In
Fig. 1 the CCN activity of the isoprene SOA and the longifolene SOA
is distinct. When normalized for gas-phase kinetics, the sigmoidal
fits of the isoprene SOA and longifolene SOA are almost identical
(Fig. 4); strongly indicating that the gas-phase kinetics drives the
apparent change in hygroscopicity of the 100nm particle.

For an nth order system, kt is calculated as follows:

kt ¼

CA

CA0

� �n�1
�1

n� 1
(3)

In this case (for n a 1), kt is not dimensionless and has
dimensions of [ppm]0.25. To directly compare the gas-phase
CCN analysis, all the data sets were plotted on a dimensionless

x-axis,
kt

C1�n
A

(Fig. 4). The normalized CCN activity of a multiple-

precursor SOA system (which activated at longer times in Fig. 1)
is now similar to the single precursor sigmoids presented in
Fig. 4.

One important observation from gas-phase normalized CCN
analysis is the rate at which the 100 nm particles become fully
CCN active. The sigmoids have more similar rates (5.29 � 1.47
for isoprene, 6.245 � 3.49 for longifolene and 7.31 � 3.45 for
the mixture), indicating a similarity in how quickly the particles
activate once normalized by a dimensionless gas-phase kinetic
time. These slopes are relatively small; the activation process is
gradual upon reaching the critical time point.

An estimated t50 is inferred; that is, sigmoidal fits (eqn (1))
were applied to Fig. 4. The critical time (now inferred from gas-phase
parameters), defined as t50gas, was calculated and compared to
t50ccn (Fig. 5 and Table 1). The calculated t50gas values for isoprene,
longifolene and the mixture were 1.95, 2.52 and 3.11 hours,
respectively. The t50gas values agree well with t50ccn (Fig. 5, within
0.05 hours), showing that temporal changes in the CCN activity
are reproduced using gas-phase decay information.

Conclusions

The data presented here confirm the significance of gas-to-aerosol
phase partitioning for CCN and reiterates the need to account for
gas-phase chemistry in addition to particle phase chemistry for
secondary aerosol systems. It is commonly assumed that the
particle-phase is the main (sometimes sole) driver in the SOA
CCN activity. CCN theory depends on the solute properties

Fig. 4 CCN/CN activation ratio of 100 nm SOA particles versus dimen-
sionless decay. Isoprene SOA (red triangles), longifolene SOA (blue circles)
and isoprene + longifolene mixture SOA (purple diamonds) are shown. For
first order systems, the apparent change in the CCN activity with normalized
gas-phase decay is similar.

Fig. 5 Comparison of the gas-phase predicted critical time, t50,gas and
CCN critical time, t50,ccn.
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however the complete solute composition of the SOA is
unknown, difficult to speciate and thus the required thermo-
dynamic properties for prediction are incomplete.

Additionally, changes in the observed aerosol composition
and oxidation state (e.g. but not limited to aerosol density, O : C
and H : C) are observed to correlate with changes in the CCN
activity but the magnitude of changes is often small and does
not capture the non-linear CCN behaviour of particles of a given
size. Yet by using the gas-phase decay of the SOA precursors
(whose initial emissions can be estimated and measured), we
were able to normalize the effects of oxidation and recreate the
critical CCN times found with photooxidation time. The
observed relationship indicates that gas-phase vapors play an
important role in the CCN activity. Acquiring information about
the known gas-phase precursor source and subsequent decay
can be used for the prediction of timescales of the CCN activity.

The uniqueness of these findings should be applied with
caution as the results and analysis are most sensitive to the
particle size selected. That is, for much smaller or larger particles
at different SS, a sigmoidal response may not be observed with
ageing. Nonetheless, 100 nm particles are of critical atmospheric
size and relevance; often represented in new particle formation
modeling efforts and considered a minimum hygroscopicity
particle size for cloud microphysical models.33–35 Indeed, if a
critical time is required for activation, 100 nm SOA particles may
not be assumed as instantaneous CCN.

Moreover, this work shows that multiple precursors influence
the gas-phase kinetics for SOA formation. The change in gas-
phase chemistry and kinetics subsequently modifies CCN activity.
The pseudo-reaction order of the isoprene + longifolene SOA
experiments is a non-integer value in the presence of excess
OH. This suggests that with multiple precursors, cross-linking
reactions in the gas-phase could occur thus altering the overall
perceived order of reaction. This change in kinetics affects the
properties of SOA relating to hygroscopicity and the added com-
plexity of reactions in the gas-phase can delay the formation of
hygroscopic compounds in the aerosol phase. Isoprene appears to
drive the gas-phase reactivity in the presence of small amounts of
sesquiterpene, as the overall order of the reaction and the reaction
rate constant, k, are similar to that of singular isoprene decay in
the mixed system. This is also evidenced by the H : C and O : C
ratios from the HR-ToF-AMS data, in which the multiple precursor
SOA is initially similar to isoprene, and decreases in the value over
time, behaving more like longifolene. It is likely that with isoprene
dominating in the gas-phase reactivity of the system, longifolene
simply enhances the reactivity further by increasing the SOA yield.
The results thus imply that isoprene may significantly contribute
to SOA and CCN budgets more than originally assumed. Further-
more, the ability of 100 nm SOA to be CCN active will not solely
depend on the size and will be photooxidation time and gas-phase
reaction dependent.
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