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ABSTRACT: The effects of composition, size, and phase state on ultrafine seed particle growth by ⍺-pinene ozonolysis were deter-
mined from diameter growth measurements after a fixed reaction time in a flow tube reactor.  Modeling time-dependent particle 
growth under a given set of conditions allowed the reaction growth factor (GF) to be determined, which is defined as the fraction of 
⍺-pinene molecules that react to give a product that grows the particles.  Growth factors were compared for initial seed particle 
diameters of 40 nm, 60 nm, and 80 nm that were composed of freshly formed ⍺-pinene SOA, effloresced ammonium sulfate, and 
deliquesced ammonium sulfate.  Overall, SOA seed particles gave the lowest growth factors.  Effloresced ammonium sulfate particles 
gave somewhat higher growth factors and showed a slight dependence on relative humidity.  Deliquesced ammonium sulfate particles 
gave the highest growth factors.  Seed particle size dependencies suggested that both surface- and volume- limited reactions may 
contribute to growth.   Overall, the growth factors were found to vary by more than 4x across the reaction conditions studied.  The 
results highlight the crucial role that seed particle characteristics play in determining particle growth rates in a size range relevant to 
formation of cloud condensation nuclei.

Introduction 
Monoterpenes, a class of compounds such as ⍺-pinene that 

are emitted by conifers and other vegetation, are important pre-
cursors for secondary organic aerosol (SOA) formation.1  Mon-
oterpenes are also key contributors to new particle formation 
and growth, especially in remote environments, because a sig-
nificant portion of their oxidation products are non-volatile or 
semi-volatile.2  Non-volatile products have low enough vapor 
pressures that they irreversibly condense onto preexisting parti-
cles or cluster with other molecular species to form new parti-
cles.3  Semi-volatile products have higher vapor pressures, but 
still low enough that they partition into the condensed phase to 
contribute to particle growth.4  It has been known for a long time 
that products of monoterpene oxidation can react in the con-
densed phase to form oligomers.5  However, the ability of such 
reactions to contribute to particle growth is not fully understood 
and is likely to depend on the composition and phase state of 
the particles.6    
Aerosol liquid water (ALW) can substantially alter the phys-

icochemical properties of monoterpene SOA that affect the 
movement of molecules in and out of the particle phase.  For 
example, Wilson et al.7 measured changes in particle density 
using single particle mass spectrometry and found that ALW 
can act as a plasticizer in freshly generated ⍺-pinene SOA, 
which helped reduce viscosity and enhance evaporation of 
semi-volatile material from the particle phase.  The ability of 
ALW to decrease viscosity also has been shown by a decrease 
in particle bounce.8  Since lowering the viscosity allows for 
faster molecular diffusion throughout the particle, ALW could 
enhance the absorption of semi-volatile molecules into the par-
ticle, allowing it to grow it faster than would otherwise be 

possible.9,10  In addition, ALW can induce phase separation in 
particles, where a nonpolar organic layer forms on the outside 
of an aqueous inner layer, which may limit the fraction of the 
particle volume available to particle phase reactions or trap 
semi-volatile molecules inside the aqueous layer if the organic 
layer is extremely viscous and molecules cannot diffuse to the 
particle surface and escape.11–13  Processes such as these can be 
inferred from evolution of the particle size distribution during a 
SOA formation experiment.14 
ALW can provide a medium for aqueous phase reactions to 

occur.  Li et al.15 found that in the presence of ALW, the perox-
ide composition of ⍺-pinene SOA was altered: they noticed an 
increase in H2O2 production while the total peroxide concentra-
tion remained unaffected.  Wei et al.16 found that peroxide func-
tionalities in SOA from monoterpene ozonolysis can decom-
pose in ALW to form OH and other species that, for example, 
may induce chemical aging of the aerosol.  Aqueous phase re-
actions were reported by Zhao et al.17 that increased the O/C 
ratio of ⍺-pinene SOA, presumably as a result of hydrolysis re-
actions.17 

The ability of ALW to alter aerosol growth was studied by 
Faust et al.6 who reported a 13% enhancement in the amount of 
⍺-pinene SOA produced when the reaction is performed in the 
presence of deliquesced ammonium sulfate seed particles as op-
posed to effloresced seed particles.  The study could not deter-
mine whether the enhancement was a result of increased parti-
tioning of semi-volatile compounds into the aqueous volume, 
or the enabling of new chemical reactions within the aqueous 
volume.   ALW can substantially enhance SOA formation from 
other precursors, most notably isoprene.18  In addition to these 
laboratory studies, recent field measurements have linked ALW 



 

 
 

Figure  1. Schematic of the flow tube reactor and flow configurations used for this study.  LPM = L/min; DMA = Differential Mobility 
Analyzer (TSI, Inc.); SMPS = Scanning Mobility Particle Sizer (TSI, Inc.)

with enhanced SOA formation on a regional scale.19,20  The 
enhancement of SOA found in both laboratory and field inves-
tigations suggests that ALW may also impact the kinetics of 
particle growth.  If so, ALW may increase the number of ul-
trafine particles that are able to grow into the CCN size range 
and thereby affect Earth’s energy balance, though this possibil-
ity has not been systematically explored.  
In the work presented here, the growth of ⍺-pinene SOA is 

systematically studied as a function of seed particle size, com-
position, and phase, with a particular emphasis on ALW.  Seed 
particles are generated, size-selected, and then mixed with ⍺-
pinene and ozone in a flow tube reactor.21,22  The size range of 
interest, 40-100 nm dia., is within the Aitken mode size range 
of ambient aerosol where large numbers of particles exist and a 
small increase in particle size could have a large effect on CCN 
activity.23  In the atmosphere, ALW mass typically exceeds that 
of dry aerosol mass by 2-3 times,24 highlighting the need for a 
detailed understanding the effects of ALW on particle growth 
rate.  
 
Experimental Methods 
Flow Tube Reactor. The experimental setup for this study is 

illustrated in Figure 1.  Seed particle growth by ⍺-pinene ozo-
nolysis was studied with a flow tube reactor described in detail 
by Krasnomowitz et al.22  The reactor consists of a 20.0 cm di-
ameter, 152 cm long quartz tube capped by two stainless steel 
funnels.  Two separate flows were combined at the reactor inlet 
with a total flow rate through the reactor of 6.25 L/min.  Flow 
A contained monodisperse seed particles, water vapor to control 
the RH, and ozone.  Flow B contained ⍺-pinene and cyclohex-
ane, the latter added as an OH scavenger.  The particle residence 
time in the flow tube was ~4 min.  Aerosol exiting the reactor 
was continuously monitored with a Scanning Mobility Particle  

Sizer (SMPS; TSI, Inc.), an ozone monitor, (Model 49i, 
Thermo Fisher Scientific Inc.) and an RH probe (Traceable, 
Thermo Fisher Scientific Inc.).  
Effloresced and Deliquesced Ammonium Sulfate Seed Parti-

cles. SOA growth on ammonium sulfate seed particles was 
studied under three different conditions: effloresced (dry) seed 
particles at 15% RH, effloresced (dry) seed particles at 60% 
RH, and deliquesced (wet) seed particles at 60% RH.  The 
higher RH was maintained between the deliquescence and ef-
florescence relative humidity of ammonium sulfate, so that both 
dry and wet particles could be studied under otherwise identical 
conditions.   
Initially, a polydisperse flow of seed particles was generated 

by atomizing (TOPAS ATM226, Dresden, Germany) a 10 mM 
solution of ammonium sulfate (99.9995%, Sigma-Aldrich Co., 
St. Louis, MO).  The polydisperse flow passed through a Nafion 
dryer (MD-700, Perma Pure, Lakewood, NJ) to effloresce the 
particles, which were then size selected with a Model 3080 
Classifier and Model 3085 Differential Mobility Analyzer 
(DMA) both from TSI Inc. (Shoreview, MN).  When dry, efflo-
resced particles at low RH were studied, this flow was mixed 
with ozone and sent into the flow tube reactor.  For experiments 
with effloresced seed particles at high RH, this flow was mixed 
with humidified air to achieve 60% RH in the flow tube reactor.  
For experiments with deliquesced particles, the size selected 
dry seed particles were sent through a Condensational Growth 
Chamber (CGC, adapted from a customized device provided by 
Aerosol Dynamics Inc., Berkley, CA).  The CGC exposed the 
particle flow to supersaturated water vapor, resulting in the con-
densation of liquid water onto the particles.  These wet particles 
were then mixed with ozone and humidified air to achieve 60% 
RH in the reactor.  For all experiments, the aerosol flow exiting 
the flow tube reactor was passed through a diffusion dryer to 
reduce the RH to ~15% and thereby remove ALW prior to 



 

analysis with the SMPS.  SMPS measurements were performed 
at low RH to ensure that the measured particle size is deter-
mined only by the non-volatile organic and inorganic matter in 
the particles as they exited the reactor, and not due to artifacts 
associated with changing amounts of ALW, since we found it 
difficult to keep the RH of the flow tube and SMPS identical.  
It is important to note that in similar experiments performed by 
Faust et al., water removal from the wet particles did not result 
in significant organic matter loss.6  
Fresh ⍺-Pinene SOA Seed Particles. Freshly generated seed 

particles composed of ⍺-pinene secondary organic aerosol 
(SOA) were prepared using a small flow tube in line with the 
larger flow tube reactor described above.  The small flow tube 
reactor is comprised of a 2.54 cm diameter, 130 cm long Teflon-
lined stainless-steel tube.25  Ozone (~15 ppmv) and ⍺-pinene (1 
ppmv) were mixed at the entrance of the flow tube, which had 
a residence time of ~30 s.  SOA exiting the small flow tube was 
passed through charcoal denuders to remove ozone and excess 
gas-phase organics, then sent into a DMA for size selection.  
The monodisperse seed particles were sent directly into the 
large flow tube to be used in the growth experiments.  Particle 
growth using these seeds was performed at both 15% and 60% 
RH.  
Modelling Particle Growth. In the experiments described 

here, a monodisperse size-distribution of seed particles is grown 
by SOA formation, and the amount of growth is determined 
from the difference in median diameter of the number size dis-
tribution before and after SOA formation.  Unfortunately, the 
diameter change for one type of experiment cannot be directly 
compared to that of another type because of the differences in 
particle size, number concentration, and therefore, condensa-
tion sink, for each experiment.  For this reason, modeling must 
be performed to account for these effects.  The approach 
adopted here is similar to that described in by Krasnomowitz et 
al.22 which is itself based on a particle growth model described 
by Apsokardu and Johnston.26  The model assumes that when 
⍺-pinene reacts with ozone, a significant fraction of these reac-
tion events gives a product that is taken up by the particle, caus-
ing it to grow.   
Here, we define condensed organic vapor (COV) collectively 

as the group of products that grew particles in a given experi-
ment.  In the context of partitioning theory, COV includes all 
non-volatile products that irreversibly condense onto the parti-
cle plus semi-volatile products that partition into the particle 
phase and stay there, at least for the duration of the experiment.  
It should be noted that COV is experiment dependent.  For ex-
ample, if growth of an unreactive seed particle is being studied, 
then initially only non-volatile products serve as COV.  If 
growth of a reactive seed particle is being studied, then semi-
volatile products may also contribute to COV if a significant 
fraction partitions into the particle and reacts to form non-vola-
tile products.  Differences in COV from one experiment to the 
next are summarized by the growth factor (GF), which is de-
fined as the fraction of ⍺-pinene ozonolysis events that gives a 
COV product.  The goal of modelling is to determine GF for 
each individual experiment, since GF takes into account con-
densation sink and wall loss in the reactor.     
First, the model iteratively calculates the time-dependent gas-

phase COV concentration over the 4 min residence time of the 
flow tube (currently at 1 s time intervals).  Then, the change in 
particle diameter at each time-point is calculated based on the 

collision-limited condensation of COV to the particle’s surface, 
as shown by Equation 1:26,27 
 
(1) 
 
where c is mean thermal velocity, 𝛾 is the uptake coefficient 

(assumed to be 1 in this work), [COV]t is the time-dependent 
gas-phase COV concentration, βd is the correction factor for 
mass flux to a spherical particle with diameter dP, and VCOV is 
the molecular COV volume.  In these calculations, all COV 
molecules were assumed to have an average molecular weight 
of 200 g/mol and an average density of 1.2 g/cm3.  The pro-
cesses which supply COV to and deplete COV from the system 
are accounted for when determining the COV concentration, as 
shown by Equation 2: 
 
(2) 
 
COV is produced by the second order reaction between ⍺-

pinene and ozone with a molar yield given by the growth factor, 
GF (i.e. the molar yield of COV from the ozonolysis reaction is 
the same as GF defined in the previous paragraph) and kII of 8.4 
× 10-17 cm3 molec-1 s-1.28  Two COV loss processes are also in-
cluded in Equation 2.  First, the rate of COV molecules lost to 
the flow tube walls is calculated as a diffusion limited process 
and follows Equation 3:22 
 
(3) 
 
where kWL is the wall loss constant, 𝑁Shweff  is the effective Sher-

wood number, r is the radius of the flow tube, and D is the gas-
phase diffusion coefficient, with the assumption that COV are 
non-volatile enough for the sticking probability to be 1.  The 
average kWL was determined by Krasnomowitz et al.22 to be 2.0 
× 10-3 s-1.  The second loss term is the rate of COV lost to the 
condensation sink according to Equation 4, which is adapted 
from the more familiar equation by Del Maso et al.29 to reflect 
the monodisperse size distributions in these experiments: 
 
(4) 
 
where kCS is the first-order rate of COV loss to the condensa-

tion sink, dp is the median particle diameter, and Np is the num-
ber concentration.  As discussed by Krasnomowitz et al.22 the 
condensation sink was calculated as a function of time in the 
flow tube as the aerosol grew from its initial to final diameter. 
When deliquesced ammonium sulfate particles were mod-

eled, the SMPS-measured dry median particle diameters were 
modified to include ALW.  This was accomplished using E-
AIM.30–32  Initially, the number of moles of NH4+ and SO42- pre-
sent in the seed particle were calculated and from this, ALW 
was determined based on an RH of 60%.  As the particles grew, 
the effect of SOA on ALW was estimated using glutaric acid as 
a proxy for the SOA.  This calculation was repeated for each 
change in experimental conditions.   
The only adjustable parameter in Equations 1-4 is GF, which 

was adjusted to fit the calculated increase in particle diameter 
to the measured median diameter increase of the size 
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distribution in each individual experiment.  Because experi-
ments were performed across a range of RH and seed particle 
size, composition and phase state, changes in the value of GF 
as a function of these parameters is able to give insight into pro-
cesses associated with particle growth.  Also, the modelling ap-
proach used in this study assumes GF to be constant over the 
entire time period of particle transit through the reactor.   
An expanded discussion of the modeling approach is given 

in the Supporting Information including a derivation of Equa-
tion 1 and a validation test.  This generic modeling approach is 
meant to determine how SOA growth depends on seed particle 
type without prior knowledge of the specific chemical mecha-
nisms involved.  It is not intended to be a detailed chemical 
model of SOA formation by ⍺-pinene ozonolysis. 
Safety Statement:  Although no unexpected or unusually high 

safety hazards were encountered in this work, aerosols and 
ozone are inhalable hazards and care should be taken to ensure 
that flow lines and connectors are sealed and that the contents 
exiting the flow tube are properly filtered and exhausted.  

 
Results and Discussion  
The question this study seeks to answer is: How does particle 

growth in the Aitken mode size-range depend on seed particle 
size, composition, and/or phase state?  The experimental ap-
proach is based on two key design elements.  First, a monodis-
perse size-distribution of seed particles is grown.  Second, 
growth is studied under conditions where the diameter increase 
of the particles is small.  Studying growth of a monodisperse 
size-distribution provides the opportunity to use the generic 
growth model, described in the experimental section, which 
does not require prior knowledge of the specific chemical reac-
tions occurring on the particle surface or inside the particle vol-
ume.  Limiting the amount of growth is important because com-
position and phase may change as particles grow, meaning that 
the processes that control growth also may change substantially 
if too much growth occurs.  These design elements are best 
achieved with a flow tube reactor, which allows a specific time-
point in the reaction to be studied quantitatively.  Additional 
discussion of the necessity for these design elements is given in 
Supporting Information. 
Two types of experiments were performed.  First are stepping 

experiments where the concentration of one reactant is system-
atically increased.  These experiments provide the ability to ef-
fectively interrogate different time-points in the reaction since 
the reaction rate increases with increasing reactant concentra-
tion.  Second are cycling experiments where the system is cy-
cled back and forth between two specific reaction conditions, 
which provides the ability to quantitatively compare two reac-
tion conditions at the same time-point.  Results of both types of 
experiments are described below.  The specific experiments 
performed are summarized in Tables S1 and S2. 
Ozone Stepping Experiments. Ozone stepping experiments 

were conducted in a similar manner to those described in Kras-
nomowitz et al.22  Initially, size-selected seed particles were 
mixed with the lowest ozone mixing ratio (~40 ppbv).  After an 
equilibration period of approximately 1 hour, α-pinene (~11 
ppbv) and cyclohexane (in excess; ~5.3 ppmv) were introduced 
into the flow tube reactor to initiate particle growth.  After equi-
libration, the ozone mixing ratio was increased in five incre-
ments up to a maximum of ~200 ppbv.  The experiment was 
performed for three size-selected particle diameters: 40, 60, and 

80 nm.  Table S1 summarizes the experiments and number of 
replicates that were performed.  For experiments using deli-
quesced ammonium sulfate particles, the corresponding initial 
wet particle diameters (52, 78, and 104 nm) were reconstructed 
using E-AIM based on the dry seed particle diameters that were 
size-selected.30–32   
Figure 2 shows representative data from an ozone stepping 

experiment using 40 nm effloresced ammonium sulfate seeds 
grown by α-pinene ozonolysis at 60% RH.  The time course of 
the experiment is shown in Figure 2a.  Ozone increments were 
performed at 1-hour intervals, which allowed the system to 
equilibrate (typically requires 30-45 min for our flow reactor) 
followed by a 15 min measurement interval over which the size 
distribution of aerosol exiting the reactor was averaged.  The 
size distribution was characterized by median diameter, as this 
has been found to be a more precise measure of particle growth 
than, for example, particle volume concentration.22  Precision is 
improved because median diameter does not depend on random 
fluctuations in number concentration.  The measured size dis-
tribution shows no indication of particle nucleation as the ozone 
mixing ratio is incremented up.  In Figure 2a, the lack of nucle-
ation is indicated by an approximately constant number concen-
tration throughout the experiment.   
 

 

 



 

Figure 2. Representative data from an ozone stepping experiment 
using effloresced ammonium sulfate seed particles at 60% relative 
humidity.  a) Ozone mixing ratio, median particle diameter, and 
number concentration vs. time.  The green dashed line indicates the 
addition of ⍺-pinene to the system, and each subsequent grey 
dashed line indicates an increase of ozone mixing ratio. b) Change 
in particle diameter (black) and percent of α-pinene that is depleted 
from the system (green) as a function of ozone mixing ratio for the 
same experiment; the dashed lines show linear regressions of the 
data. 

Figure 2b shows plots of change in median particle diameter 
and % α-pinene depleted vs. ozone mixing ratio.  Because the 
% α-pinene depleted is small, the plot is essentially linear with 
increasing ozone mixing ratio, meaning that the mixing ratio of 
oxidized products in the flow tube also increases linearly.  The 
key features of the change in median diameter plot are its line-
arity and zero y-intercept.  A linear relationship shows that par-
ticle growth is directly proportional to the amount of α-pinene 
precursor reacted, and it provides a level of confidence that a 
linear extrapolation back to lower, more atmospherically rele-
vant conditions is possible.  The lowest ozone mixing ratio give 
an average particle growth rate of ~15 nm/hr, whereas growth 
rates measured during new particle formation events are on the 
order of 1-10 nm/hr.  Higher mixing ratios are generally pre-
ferred to use in flow tube experiments because reaction time is 
short, and the change in median diameter can be determined 
more precisely.  

 

   

Figure 3. Representative data from an ozone stepping experiment 
using deliquesced ammonium sulfate seed particles at 60% relative 
humidity.  a) Ozone mixing ratio, median dry particle diameter 
(measured by SMPS after the deliquesced particles were dried), and 
number concentration vs. time.  Since the particles were deli-
quesced in this experiment, the actual median diameter of wet par-
ticles in the flow tube was greater than the measured dry diameter.  
The green dashed line indicates the addition of ⍺-pinene to the sys-
tem, and each subsequent grey dashed line indicates an increase of 
ozone mixing ratio. b) Change in dry particle diameter measured 
by SMPS (black) and the reconstructed change in wet particle di-
ameter determined from E-AIM (blue) vs. ozone mixing ratio for 
the same experiment.  Dashed curves are drawn as an aid to the eye.   

Figure 3 shows a stepping experiment for growth of deli-
quesced ammonium sulfate seed particles at 60% RH.  Recall 
that in this experiment, the SMPS measures dry particle diame-
ter after water has been removed, whereas the deliquesced par-
ticles inside the flow tube are much larger.  As with the efflo-
resced particle experiment, increasing the ozone mixing ratio in 
the deliquesced particle experiment (Figure 3a) increases the 
median particle size, and no nucleation of new particles is ob-
served.  However, unlike the effloresced particle experiment, 
the plot of change in median dry diameter vs. ozone mixing ra-
tio for the deliquesced particle experiment (Figure 3b) shows 
some curvature.  This curvature is enhanced when E-AIM is 
used to reconstruct the change in median wet diameter that ac-
tually occurs inside the flow tube, also shown in Figure 3b.  Fig-
ures 2b and 3b show that particle phase state can have a signif-
icant impact on growth by SOA from α-pinene ozonolysis.  This 
dependence is discussed in greater detail in the following sec-
tions.   
Cycling Experiments. The other type of experiment con-

ducted in this study involved cycling between two seed particle 
conditions under otherwise identical growth conditions to quan-
titatively determine the impact of particle size, composition, 
and phase state on growth.  Figure 4 shows the results of one 
such experiment where growth of deliquesced and effloresced 
AS particles were compared.  In this experiment, 40 nm efflo-
resced (dry) ammonium sulfate seed particles were size se-
lected.  Blue shaded regions in Figure 4 indicate time periods 
where the size selected particles were sent through the CGC to 
produce deliquesced particles (wet; blue dashed line of the ex-
perimental setup in Figure 1).  Unshaded regions of the figure 
indicate time periods where effloresced particles were sent di-
rectly into the flow tube (red dashed line in Figure 1).  The RH 
was maintained at 60% throughout this experiment.  Initially, 
dry particles were sent through the flow tube, and then wet par-
ticles without any SOA formation.  Although both types of par-
ticles exiting the flow reactor were sent through a diffusion drier 
to remove any ALW before SMPS analysis (RH <15%), the del-
iquesced particles showed a slightly larger (dry) particle diam-
eter than the effloresced particles – a phenomenon that was ob-
served in all of our experiments using deliquesced seeds.  This 
effect has been observed before and has been attributed to par-
ticle restructuring upon drying.33  The vertical green dashed line 
in Figure 4 shows the time-point at which ⍺-pinene was sent 
into the flow tube to produce SOA.  The particle size increased, 
and after an equilibration period of approximately one hour, the 
seed particle flow was switched to effloresced particles.  After 
another equilibration period, the process was repeated.  Median 
(dry) diameters for each equilibration period were averaged 
over the final 15 min of the period prior to switching to the new 
period.  The average median diameters are shown in the top plot 



 

of Figure 4 as solid horizontal lines, illustrating the consistency 
of diameter measurement from one “identical” period to the 
next.   
Cycling the seed particles in this manner assured that both 

types of particles (effloresced and deliquesced for Figure 4) 
were exposed to precisely same conditions:  60% RH, ozone 
mixing ratio 200 ppbv, ⍺-pinene mixing ratio ~11 ppbv, and 
cyclohexane mixing ratio ~5.3 ppmv (in excess in the experi-
ment).  Most of the key reaction conditions were measured di-
rectly, with the notable exception of ⍺-pinene mixing ratio.  The 
⍺-pinene mixing ratio was calculated from the liquid injection 
rate of ⍺-pinene and subsequent dilution of the vapor (Figure 
1), and in principle can vary slightly from experiment to exper-
iment if the liquid feed rate fluctuates due to residue buildup in 
the injection apparatus.  For this reason, cycling experiments 
were performed for quantitative comparisons.   
The diameter changes obtained from this experiment cannot 

be directly compared for effloresced and deliquesced seed par-
ticles because the condensation sink is very different for the 
two.  As shown in the middle plot of Figure 4, sending the aer-
osol flow through the CGC resulted in a significant loss of par-
ticles, which affected the CS (bottom plot of Figure 4, calcu-
lated from the size distribution in the final 15 min of each equi-
libration period) and hence the magnitude of the diameter 
growth.  The difference in condensation sink is taken into ac-
count by the modelling procedure to determine GF.  Experi-
ments similar to that in Figure 4 were performed to compare 
growth for various combinations of seed particle composition, 
size, and phase state.  Table S2 lists the experiments performed, 
the number of cycles and replicates for each, and the relative 
growth factors determined from modeling the amount of growth 
observed.    

Figure 4. Representative data from a cycling experiment per-
formed at 60% RH where nominally 40 nm dry ammonium sul-
fate particles were size selected and SOA growth was compared 
for deliquesced vs. effloresced seed particles.  Blue shaded re-
gions indicate time periods where deliquesced particles were 
sent through the flow tube, while unshaded regions indicate 
time periods where effloresced particles were sent through the 

flow tube.  The green dashed line indicates the time at which α-
pinene began to flow through the system to produce SOA.  The 
top plot shows the dry median diameter of aerosol measured by 
SMPS; horizontal lines show the average of the final 15 min of 
each period.  The middle plot shows the number concentration.  
The bottom plot shows the condensation sink (CS) determined 
from the SMPS size distribution averaged over the final 15 min 
of each equilibration period, and for deliquesced particles using 
E-AIM to account for ALW.   
Relative Growth Factors. Growth Factor (GF) is the fraction 

of α-pinene ozonolysis products able to grow a particle in a 
given experiment.  As described in the experimental section, 
this includes all non-volatile ozonolysis products plus the por-
tion of semi-volatile products able to react on the particle sur-
face or in the particle volume to form a non-volatile product.  
GF is calculated from the measured diameter change, but is rel-
atively unaffected by wall loss and magnitude of the condensa-
tion sink.  Each cycling experiment provides a measure of two 
GF values, for example effloresced vs. deliquesced particles in 
Figure 4, and from these, the ratio of the two GF values is de-
termined.  When the results of many cycling experiments are 
combined (see Table S2), GF can be quantitatively compared 
over a wide range of particle growth conditions.   
Figure 5 plots Relative Growth Factor, calculated with re-

spect to 40 nm α-pinene ozonolysis SOA particles grown at low 
RH, vs. initial dry seed particle diameter.  In general, GF is 
smallest for SOA seed particles, somewhat higher for efflo-
resced ammonium sulfate particles, and greatest for deliquesced 
ammonium sulfate particles.  GF is generally the same for 40 
nm vs. 60 nm dia, seed particles of a given composition and 
phase.  GF increases for 80 nm liquid-like particles (SOA and 
deliquesced ammonium sulfate), while GF for effloresced am-
monium sulfate particles at low and high RH remain flat.  The 
results show that SOA growth strongly depends on seed particle 
size, composition, and phase state.   
SOA seed particle growth in this study is similar to previ-

ously reported chamber experiments where α-pinene ozonolysis 
caused both nucleation and subsequent growth of SOA parti-
cles.3,34  The chamber experiments showed that growth in the 
low nm size range occurred mainly by condensation of ex-
tremely low volatility, highly oxidized organic compounds 
(HOMs), which were formed by gas-phase autooxidation of 
peroxy radicals produced by α-pinene ozonolysis.  The HOM 
yield in those experiments was reported to be on the order of 6-
8%.3,34  We suggest that the absolute GF for 40 and 60 nm SOA 
particles in Figure 5 is in fact the HOM yield.  The increase in 
GF for 80 nm particles indicates that semi-volatile compounds 
are able to react within the particle phase to form low volatility 
products and thereby remain in the particle phase rather than 
partitioning back to the gas phase.  Previous modelling by our 
group shows that particle growth due to oligomerization can in-
crease with increasing particle size if oligomer formation is a 
volume-limited process.26  Experimental measurements of size-
selected SOA particles produced by α-pinene35 and b-pinene36 
ozonolysis confirm that oligomerization does indeed increase 
with increasing particle size.  Based on these studies, the in-
crease of GF for 80 nm SOA seed particles is likely a conse-
quence of semi-volatile compound oligomerization in the parti-
cle phase.   Also shown in Figure 5 is that GFs for SOA seed 
particles are the same for 15% and 60% RH.  The lack of an RH 
dependence for growth indicates that under the conditions of 



 

our experiments, both HOM formation and wall effects are in-
dependent of RH.37   
Effloresced ammonium sulfate particle growth at low RH in 

this study is similar to our previous work, where modelling of 
ozone stepping experiments gave an absolute GF of 13%22.  A 
GF of this magnitude is consistent with Figure 5, where the rel-
ative growth factor of effloresced ammonium sulfate particles 
is about 1.5 to 2 times larger than that of SOA particles.  The 
higher GF relative to SOA particles is likely due to chemical 
processes on the ammonium sulfate surface that allow semi-vol-
atile ozonolysis products to be transformed into non-volatile 
secondary products.  Likely possibilities include oligomeriza-
tion and organosulfate formation.  It should be noted that sur-
face water exists on a “dry” ammonium sulfate substrate, rang-
ing from <1 monolayer at 10% RH to 3-5 monolayers at 60% 
RH.38,39  This aqueous film may provide a medium for interfa-
cial chemistry to occur,40 which is consistent with the slightly 
higher GF at 60% RH than 15% RH as well as the higher GF 
than SOA seed particles.  This film is also likely to be acidic,41,42 
a property which is known catalyze relevant particle phase re-
actions.5,43,44   
Figure 5 also shows that deliquesced ammonium sulfate par-

ticle growth is substantially greater than that of either SOA or 
effloresced ammonium sulfate particles.  Deliquesced particles 
provide the opportunity for aqueous phase chemistry in the par-
ticle volume as well as chemistry at the interface.  In addition 
to oligomerization and organosulfate formation, hydroperoxide 
products of α-pinene ozonolysis could decompose in the aque-
ous phase to produce hydroxyl radicals that oxidize semi-vola-
tile products that have partitioned.   Enhanced formation of α-
pinene SOA on deliquesced ammonium sulfate seed particles 
has also been reported by Faust et al.,6 who found a 13% en-
hancement relative to effloresced seeds as determined by ToF-
AMS measurements.  The magnitude of their increase is not di-
rectly comparable to ours because of different reaction condi-
tions for the two experiments. 

Figure 5. Relative Growth Factor (referenced to 40 nm dia. α-pi-
nene ozonolysis SOA seed particles) vs. starting seed particle size 
for five reaction conditions: SOA at 15% RH, SOA at 60% RH, 
effloresced ammonium sulfate at 15% RH, effloresced ammonium 
sulfate at 60% RH, and deliquesced ammonium sulfate at 60% RH.  

Deliquesced ammonium sulfate particles are different from 
SOA and effloresced ammonium sulfate particles in that the 

diameter change during growth is not linearly related to the 
ozone mixing ratio (Figure 3b).  Since the results in Figure 5 
were obtained for a high ozone mixing ratio, the vertical loca-
tion of deliquesced ammonium sulfate particles on this plot will 
likely increase with decreasing ozone mixing ratio.  This point 
is explored further in Figure 6, where the data in Figures 2b and 
3b are used to construct plots of GF vs. ozone mixing ratio.  In 
this figure, the GF values are referenced to the low-end ozone 
mixing ratio.  For effloresced seed particles, the diameter 
change plot in Figure 2b suggests that the GF is independent of 
ozone mixing ratio, which is shown to the be case in Figure 6.  
The slight fluctuation of effloresced seed particle GF in Figure 
6 is caused by uncertainty in the SMPS median diameter meas-
urements.   For deliquesced seed particles, the diameter change 
plot in Figure 3b suggests that GF decreases with increasing 
ozone mixing ratio, which is evident in Figure 6, where the 20% 
decrease of GF over the range of ozone mixing ratios plotted is 
significantly outside the measurement uncertainty of SMPS.  
We suggest two possibilities for this decrease.  First, an organic 
film may grow on the particle surface, which blocks any contri-
bution to particle growth from surface chemistry but still allows 
chemistry within the particle volume to occur.  Second, chemi-
cal processes within the particle volume may be impeded by the 
increasing organic content of the aqueous phase as the ozone 
mixing ratio increases and more SOA is produced.  The GF de-
crease for deliquesced particles is not an artifact of water evap-
oration from the particle as SOA is formed.  E-AIM modeling 
(Figure S3) shows that while the percentage of ALW by volume 
decreases as the SOA content increases, the absolute amount of 
water in the particle increases slightly, as expected.   

 

Figure 6.  Relative Growth Factor vs. ozone mixing ratio for the 
effloresced ammonium sulfate particles in Figure 2 (green) and the 
deliquesced ammonium sulfate particles in Figure 3 (blue), both 
referenced to the GF for the lowest ozone mixing ratio plotted. 

In conclusion, the work presented here shows that ultrafine 
particle growth by α-pinene SOA formation is strongly depend-
ent upon seed particle size, composition, and phase state.  Fu-
ture work should focus on elucidating the specific chemical pro-
cesses contributing to these dependencies, as well as to charac-
terize the seed particle dependence of SOA formation from 
other precursors.  Finally, we note that ammonium sulfate par-
ticles generated with an atomizer may contain unknown organic 
impurities,45 and indeed a trace carbon contamination is ob-
served with our nano aerosol mass spectrometer.46  The ability 
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of such contamination to influence particle growth should be 
investigated.   
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