Taylor & Francis
Taylor & Francis Group

Acrocail .
scié‘f;feos.OL; | Aerosol Science and Technology

ISSN: 0278-6826 (Print) 1521-7388 (Online) Journal homepage: https://www.tandfonline.com/loi/uast20

Growth of Aitken mode ammonium sulfate
particles by a-pinene ozonolysis

Justin M. Krasnomowitz, Michael J. Apsokardu, Christopher M. Stang|, Lee
Tiszenkel, Qi Ouyang, Shanhu Lee & Murray V. Johnston

To cite this article: Justin M. Krasnomowitz, Michael J. Apsokardu, Christopher M. Stangl|,
Lee Tiszenkel, Qi Ouyang, Shanhu Lee & Murray V. Johnston (2019): Growth of Aitken mode

ammonium sulfate particles by o-pinene ozonolysis, Aerosol Science and Technology, DOI:
10.1080/02786826.2019.1568381

To link to this article: https://doi.org/10.1080/02786826.2019.1568381

A
h View supplementary material &

ﬁ Accepted author version posted online: 17
Jan 2019.
Published online: 11 Feb 2019.

\]
CJ/ Submit your article to this journal &

||I| Article views: 60

@ View Crossmark data (&'

CrossMark

Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalinformation?journalCode=uast20


https://www.tandfonline.com/action/journalInformation?journalCode=uast20
https://www.tandfonline.com/loi/uast20
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/02786826.2019.1568381
https://doi.org/10.1080/02786826.2019.1568381
https://www.tandfonline.com/doi/suppl/10.1080/02786826.2019.1568381
https://www.tandfonline.com/doi/suppl/10.1080/02786826.2019.1568381
https://www.tandfonline.com/action/authorSubmission?journalCode=uast20&show=instructions
https://www.tandfonline.com/action/authorSubmission?journalCode=uast20&show=instructions
http://crossmark.crossref.org/dialog/?doi=10.1080/02786826.2019.1568381&domain=pdf&date_stamp=2019-01-17
http://crossmark.crossref.org/dialog/?doi=10.1080/02786826.2019.1568381&domain=pdf&date_stamp=2019-01-17

AEROSOL SCIENCE AND TECHNOLOGY
https://doi.org/10.1080/02786826.2019.1568381

Taylor & Francis
Taylor & Francis Group

I <

‘ W) Check for updates‘

Growth of Aitken mode ammonium sulfate particles by «-pinene ozonolysis

Justin M. Krasnomowitz® (®, Michael J. Apsokardu®
Qi Ouyang® (®, Shanhu LeeP<

, Christopher M. Stangl®
, and Murray V. Johnston®

, Lee Tiszenkel® ’

Department of Chemistry and Biochemistry, University of Delaware, Newark, Delaware, USA; Department of Atmospheric Science,
The University of Alabama in Huntsville, Huntsville, Alabama, USA; “Department of Environmental Science and Engineering,

Fudan University, Shanghai, China

ABSTRACT

The fraction of Aitken mode particles that grow sufficiently large to act as cloud condensa-
tion nuclei is an important factor in understanding the climate impact of atmospheric par-
ticles. Elucidating the rate of particle growth in this size range requires a detailed
understanding of the mechanisms by which these particles grow. Here, a flow tube reactor
is described, characterized and then used to study growth of ammonium sulfate seed par-
ticles in the Aitken mode size range by a-pinene ozonolysis under dry conditions (10% RH).
When size-selected particles starting at 40, 60, or 80 nm diameter were exposed to a-pinene
(11 ppbv) and ozone (five separate mixing ratios between 30 and 250 ppbv), particle growth
was found to depend on the amount of a-pinene reacted and the condensation sink, but
not directly dependent on the initial seed particle diameter. The observed dependencies are
consistent with a condensational growth mechanism, which is not surprising since the dry
conditions of the experiment minimized the probability of multiphase chemistry within the
seed particles. Combining the measured particle growth with a kinetic model gave a molar
yield of 13% for condensable organic molecules produced by the ozonolysis reaction. This
value is somewhat higher than previously reported molar yields of highly oxidized mole-
cules (HOMs) measured in the gas phase with chemical ionization mass spectrometry, which
are in the 3-7% range. The relationship between molar yields determined from gas phase
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and particle phase measurements is discussed.

1. Introduction

Aitken mode particles span a size range of about
10-100nm in diameter and can represent the largest
number concentration of particles in ambient air
(Komppula et al. 2003). Particles in this mode have
potential to impact climate as they grow in size and
are able to be activated as cloud condensation nuclei
(CCN; Lihavainen et al. 2003; Komppula et al. 2005).
In particular, the fraction of particles that are acti-
vated as CCN increase substantially with increasing
particle diameter in the 50-100 nm size range (Dusek
et al. 2006; Komppula et al. 2005). For this reason, a
thorough understanding of the chemical processes
behind Aitken mode particle growth is needed so that
growth rates in the atmosphere can be accurately pre-
dicted along with their climate impact. The goal of
this work is to study the mechanism and quantify the

amount of growth of ammonium sulfate seed particles
in the Aitken mode size range by a-pinene ozonolysis.

A substantial portion of ambient particle growth
occurs by formation of secondary organic aerosol
(SOA), and atmospheric models have a difficult time
accurately predicting its contribution to aerosol mass
loading (Donahue et al. 2012; Hallquist et al. 2009).
Oxidation of biogenic volatile organic compounds
(BVOCs) leads to the formation of products over a
wide range of volatilities (Donahue et al. 2012;
Jimenez et al. 2009). One such BVOC, o-pinene,
accounts for half of total monoterpene emissions
(Pathak et al. 2007) and is the precursor studied in
this work. Reaction of BVOCs with ozone or OH pro-
duce highly oxidized products in the gas phase that
are nonvolatile enough to nucleate and grow particles
(Kulmala et al. 2013; Paasonen et al. 2013; Ehn et al.
2012; Riipinen et al. 2011). Most of these products are
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Table 1. Molar yield of condensable molecules from o-pinene ozonolysis.

Study Experimental conditions

Molar yield (%) Measurement approach

Ehn et al. (2014) 2 ppbv oP, 170 ppbv O3 289 K,

63% RH

Jokinen et al. (2015) 0.1-175 ppbv P, 23 ppbv 03 293 K,

25% RH
Kirkby et al. (2016) 333 pptv aP, 33 ppbv 03 278 K,
38% RH
Sarnela et al. (2018) 333 pptv P, 33 ppbv 05 278 K,
38% RH
Krasnomowitz et al. (this work) 11 ppbv aP, 30-250 ppbv 05 297 K,
10% RH

7 (£3.5) Determined from signal intensities of gas-phase
species detected by NO3~ CI-APi-TOF; measure-
ments under predict growth of 5-50 nm par-
ticles; reaction performed in a high
volume chamber

Determined from signal intensities of gas-phase
species detected by NOs;~ CI-APi-TOF; reaction
performed in a flow tube

Determined from signal intensities of gas-phase
species detected by NO3;~ CI-APi-TOF; reaction
performed in a high volume chamber

Determined from signal intensities of gas-phase
species detected by NOs;~ CI-APi-TOF; reaction
performed in a high volume chamber

Determined from a kinetic model fit of measured
diameter growth of 40-80 nm dia. seed par-
ticles; reaction performed in a flow tube

34 (+3.4/-1.7)

2.9 (+5.2/-13)

3.5-6.5

13 (£1)

formed through an autoxidation mechanism (Jokinen
et al. 2015; Ehn et al. 2014; Rissanen et al. 2014;
Crounse et al. 2013).

Determining particle growth rates from BVOC oxi-
dation requires knowledge of the yield of molecular
products that are nonvolatile enough to grow particles
at their condensation rates. The effective saturation
vapor pressure increases with increasing radius-of-
curvature of the gas—particle interface (i.e., Kelvin
effect). This effect becomes substantial for particles in
the low nanometer size range, meaning that some
compounds which grow larger Aitken mode particles
at the condensation rate may not efficiently grow
smaller nucleation mode particles. The definitions of
terms in the literature used to describe nonvolatile
oxidation products have evolved over time (Trostl
et al. 2016; Ehn et al. 2014; Riccobono et al. 2014).
Trostl et al. (2016) proposed that highly oxidized mol-
ecules (HOMs) be defined as the full range of gas-
phase species detected by nitrate ion (NO3;™) chemical
ionization in an atmospheric pressure interface time-
of-flight mass spectrometer (CI-APi-TOF), whereas
extremely low  volatility organic compounds
(ELVOCs) are the subset of detected species that are
expected to have low enough vapor pressures to
nucleate and condensationally grow particles in the
low nanometer size range (Ehn et al. 2014). To make
this distinction, Trostl et al. (2016) used molecular
formulas obtained with accurate mass measurements
to calculate the corresponding saturation vapor pres-
sures (C* in units of pg/m®), based on the volatility
based set (VBS, Donahue et al. 2011).

Yields for HOM formation from «-pinene ozonoly-
sis were first reported by Ehn et al. (2014) based on
gas phase measurements of a-pinene oxidation prod-
ucts by NO;~ CI-APi-TOF. They reported a molar

yield of 7% per precursor molecule that reacted with
ozone, corresponding to a mass yield of 14% based on
the assigned ion molecular formulas. These measure-
ments were performed at 289K and 63% RH using a
flow-through chamber having a residence time of
~45 min. Uncertainties were estimated to be +50% of
the reported values. Using similar gas phase measure-
ments, Jokinen et al. (2015) reported a HOM yield for
o-pinene ozonolysis of 3.4% with an uncertainty of
1.7-6.8% for experiments performed at 293K and
25% RH using a fast flow tube reactor with a 40 s resi-
dence time. Since then, other studies using NO;~ CI-
APi-TOF have reported HOM yields in the 3-6%
range (Kirkby et al. 2016; Sarnela et al. 2018). While
all of these reported yields are based on gas phase
measurements with NO;~ chemical ionization, they
do differ slightly in the subset of detected ions used to
calculate the yield and the experimental conditions
studied, which may contribute to the range of values
reported. Table 1 summarizes these measurements
and the experimental conditions under which they
were performed.

Three factors can affect the prediction of HOM
yields from gas phase measurements. First, the defin-
ition of HOMs is based on a specific set of ions
detected with chemical ionization, which may or may
not include all relevant molecular species. Second,
particle size-dependent phenomena such as the Kelvin
effect on molecular volatility must be inferred from
molecular formulas when considering which subset of
detected ions to include in the yield calculation.
Third, they do not take into account the possibility of
heterogeneous chemical reactions that may add to the
particle growth rate (Apsokardu and Johnston 2018).
Measured particle growth rates tend to be underesti-
mated by CI-APi-TOF measurements, e.g., see Figures
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Figure 1. Experimental setup and flow tube reactor. Flow A contains seed particles and ozone while Flow B contains a-pinene

vapor and hydrogen gas.

2c and 3 of Ehn et al. (2014) and Figure 1d of Trostl
et al. (2016), suggesting that there may be a systematic
error associated with gas phase measurements.

In the work presented here, we measure changes in
the diameter of seed particles in the 40-80nm size
range when they are exposed to the products of
o-pinene ozonolysis in a flow tube reactor. Measured
particle growth is combined with a kinetic model to
confirm a condensational growth mechanism and
determine the molar yield of condensable organic
molecules for particles in this size range. For readabil-
ity and consistency with the literature, we refer to the
yield measured here as a “HOM” yield. However, the
yield we obtain from particle size measurements is
not exactly the same parameter as that obtained from
gas phase measurements. The relationship between
the two will be discussed.

2. Experimental section
2.1. Flow tube reactor

The flow tube reactor and experimental setup used in
this work are shown in Figure 1. The reactor consists of
a quartz tube 150 cm long and 20 cm i.d. with stainless
steel funnels extending from both ends. These funnels
are 18cm long and taper down to a final i.d. of 5cm.
The total volume of the reactor assembly is 52 L.

The optimum air flow rate through the reactor was
determined experimentally by injecting 30s plugs of
60nm dia. ammonium sulfate particles through the
flow tube and measuring the particle number concen-
tration at the exit as a function of time with a con-
densational particle counter (3788 CPC, TSI Inc,
Shoreview, Minnesota). The goal was to experimen-
tally determine the air flow conditions that produced
the smallest distribution of particle residence times in
the flow reactor. From these experiments, it was
determined that a 6 L/min major air flow rate (Flow A
in Figure 1) produced a narrow range of residence
times while at the same time minimizing the impact
of air recirculation in the tube. Figure 2 shows the
residence time distribution of particles using these
flows. The average distribution was determined from
five individual plug injections and the shaded region
of the figure shows one standard deviation. The peak
of the distribution was 232 *+ 15s, and the full width
at half maximum was 81s. A small recirculation peak
was observed at slightly more than twice the average
residence time, but recirculation consistently repre-
sented less than 10% of the total distribution.

2.2. CFD simulations

The flow tube reactor used in this work was recreated
in COMSOL Multiphysics 5.3a (Stockholm, Sweden,
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Figure 2. Residence time distribution of particles exiting flow tube. Dark line shows average distribution of five trials. The gray
shaded region represents one standard deviation. The blue line represents the modeled residence time using the particle tracing

module in COMSOL.
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Figure 3. Calculated velocity through the flow tube shown as vertical slices along the length of the reactor.

http://www.comsol.com) to perform computational
fluid dynamics (CFD) calculations to characterize the
flow throughout the reactor and compare with experi-
mental measurements. The flow tube geometry was
recreated in COMSOL as a 3-D model, and
COMSOL’s finite element method was used to solve
for flows throughout. The geometry was meshed using
a normal sized free tetrahedral mesh consisting of
2 x 10° elements with an average quality of 0.66. The
element quality is a measure of cell distortion with a
value of 1 indicating perfect element shape. The
model was tested using finer mesh densities to ensure
reproducible results and no mesh dependence was
observed. Once meshed, a stationary laminar flow
model was solved using the inlet flows used in the
growth experiments; 6.1 L/min in Flow A and 0.06 L/
min in Flow B and the flow of the outlet was assumed

to be at atmospheric pressure. The evolution of the
flow profile is shown in Figure 3 by velocity slices
down the length of the tube. A laminar flow profile
develops quickly in the initial mixing tube before
expansion. Once the flow reaches the reactor and
begins to expand, a recirculation zone appears in the
area the main flow has not occupied. This recircula-
tion persists to about half way into the tube, where a
laminar profile is reestablished throughout the entire
width of the tube and maintained the rest of the way
including the reduction in diameter to the outlet.
Similar recirculation regions have been observed in
other CFD studies of flow tube reactors (Huang
et al. 2017).

The particle tracing module within COMSOL was
coupled to the CFD model to calculate the distribu-
tion of particle residence times in the flow tube. For


http://www.comsol.com

these calculations, 300 particles with an 80 nm diam-
eter were released over a 30s period from the Flow A
inlet as a density function from the center, and the
times at which they exited the assembly were traced.
The calculated and measured residence times show
excellent agreement as shown in Figure 2. Since no
particles in the simulation entered the recirculation
region, the small recirculation peak in the experimen-
tal data was not replicated in the simulation. Gas-
phase species, however, distribute evenly across the
different regions of the flow tube, and if the system is
given enough time to reach steady state, the gas phase
mixing ratio becomes independent of location in the
flow tube. As discussed later, the calculated equilibra-
tion time matches the measurement.

2.3. Particle growth experiments

For the experiments described here, the major flow
(Flow A in Figure 1) contained seed particles and
ozone, while the minor flow (Flow B in Figure 1) con-
tained o-pinene and hydrogen gas (99.999% Keen
Gas, Newark, DE). Ammonium sulfate seed particles
were generated by atomizing (TOPAS ATM226,
Dresden, Germany) a solution of ammonium sulfate
(99.9995%, Sigma-Aldrich Co., St. Louis, MO). The
resulting polydisperse aerosol was sent through a
Nafion dryer (MD-700, Perma Pure, Lakewood, NJ)
to decrease the relative humidity (RH) of the sur-
rounding air to 10%, which is substantially below the
efflorescence RH of ammonium sulfate (35+2% at
298K) (Ciobanu et al. 2010). The dry particles were
then size-selected with a model 3080 classifier and
model 3085 differential mobility analyzer (DMA) both
from TSI Inc. The flow of monodisperse particles was
mixed with ozone and sent into the flow tube. Ozone
was generated from an ozone monitor (model 42C,
Thermo Fischer Scientific Inc., Waltham, MA), and
the mixing ratio was adjusted by changing the lamp
intensity. All flows were maintained by mass flow
controllers (MFC, Dakota Instruments Inc.,
Orangeburg, NY). The flow tube temperature for these
experiments was 297 K.

Liquid o-pinene (Sigma-Aldrich Co.) was injected
at a rate of 0.05pL/min into a gently heated air flow
of 50mL/min using a 100pL syringe (Hamilton
Company, Reno, NV) and a syringe pump (New Era
Pump Systems Inc., Farmingdale, NY). This air flow
was mixed with a larger flow of 5L/min to dilute the
vapor, and then 50 mL/min of the diluted air flow was
sent into the reactor. For the experiments described
here, the mixing ratio of o-pinene in the flow tube
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was 11 ppbv. A small flow of 10 mL/min of hydrogen
gas was mixed with the a-pinene flow before entering
the tube. The hydrogen was added to act as an OH
scavenger (Sarnela et al. 2018) and had a final concen-
tration of 0.1% by volume. The addition of an OH
scavenger is necessary as the hydroxyl radical is pro-
duced by a-pinene ozonolysis with a reported yield of
85% (Calvert 2008) and could complicate the inter-
pretation of results by reacting with additional
o-pinene molecules. While the reported HOM yield
from OH oxidation is almost an order of magnitude
lower than that of ozone oxidation (Jokinen et al.
2015), it is important to scavenge the OH to ensure
that the measured HOM yield is specifically for the
ozonolysis reaction.

Aerosol exiting the flow tube was 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.). The SMPS used here consisted of a
3081 DMA and 3788 CPC to scan the particle distri-
bution between 10 and 400nm mobility diameter
every 2 min.

The experiments described here were conducted by
first introducing seed particles along with ozone at its
lowest mixing ratio of approximately 30ppbv. The
addition of ozone did not cause any change in the
particle size distribution. Once the system stabilized,
o-pinene was introduced, giving a mixing ratio of
11 ppbv in the flow tube. The system was allowed to
stabilize until consistent (<10% variation) ozone mix-
ing ratio, particle size distribution and number con-
centration were obtained for at least 15min. After
stabilization, the lamp intensity and corresponding
ozone mixing ratio were systematically incremented.
In total, five ozone mixing ratios were investigated,
which spanned the range 30-250 ppbv.

Molecular composition measurements by high-reso-
lution electrospray ionization mass spectrometry (ESI-
MS) were performed using a Thermo Q-Exactive
Orbitrap mass spectrometer to characterize the
organic material condensing onto the particles. For
these measurements particles were collected onto a
quartz microfiber filter (GF/D, Whatman, Maidstone,
UK) at the exit of the flow tube using the highest
ozone mixing ratio (250 ppbv) and middle seed par-
ticle diameter (60 nm). The organic material was then
extracted using acetonitrile (Optima grade, Fisher
Scientific, Hampton, NH) and concentrated under
vacuum to a final concentration of approximately
0.1 ug/pL. This extract was then analyzed using direct
infusion on the Orbitrap operated in negative mode.
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Data processing and formula assignment of the result-
ing mass spectra was then performed as described in
Tu, Hall, and Johnston (2016).

2.4. Modeling particle growth

The amount of seed particle growth obtained for each
ozone increment was evaluated with respect to the
formation of HOMs produced by a-pinene ozonolysis.
Modeling the formation of HOMs was done recur-
sively by updating reactant and product concentra-
tions each second for the duration of the flow tube
residence time. Once the gas phase concentration is
calculated, it can then be used to predict the diameter
change of a particle, assuming that condensation is a
collision-limited process, using Equation (1) adapted
from Apsokardu and Johnston (2018):

%: %V[HOM]tﬁdVHOM7 (1)
where ¢ is the mean thermal velocity, y is the uptake
coefficient (assumed to be 1 in this work), [HOM]; is
the time-dependent gas-phase HOM mixing ratio, fiq
is the mass flux correction factor and Vyom is the
molecular volume. For these calculations, HOMs were
assumed to have an average molecular weight of
200g/mol and a density of 1.2g/cm’. The predicted
diameter change can then be fit to the experimental
data by adjusting the HOM yield and thus the HOM
mixing ratio.

Multiple processes occurring within the tube are
accounted for in the model. First is the oxidation of
o-pinene by ozone, based on the respective mixing
ratios and a second order rate constant (ky) of
8.4 x 107" cm® molec™' s~' (Khamaganov and Hites
2001). Second is the formation of HOMs from the
ozonolysis reaction, which will be discussed in detail
in the results and discussion section. Third is wall loss
of HOMs, modeled as a diffusion limited process
based on Hanson and Eisele (2000) and accounting
for entry effects discussed in Knopf, Poschl, and
Shiraiwa (2015):

D
kw = N, )

where ki is the wall loss rate constant, Nglf]fw is the
effective Sherwood number, r is the radius of the flow
tube, D is the gas phase diffusion coefficient, and it is
assumed that HOMs are nonvolatile enough that the
sticking probability is 1. The Sherwood number was
varied to account for entry effects in the beginning of
the flow tube. However, this did not have a significant
effect on HOM mixing ratio in the flow tube since

only a small amount of HOMs are produced in this
region. Modeling wall loss in this way gives an aver-
age kwr = 2.0 x 107 st assuming a constant flow
tube radius of 10 cm.

In addition to the constant radius calculation
above, wall loss was also approximated by varying the
effective diameter in the various stages of the flow
tube assembly. For this calculation, particle residence
time in the initial mixing tube was 3, and the radius
for wall loss during this time period was taken as the
2.375cm radius of the tube. During expansion in the
funnel and first part of the flow tube, the effective
radius increased from 2.375 to 10cm at the point
where laminar flow was fully established across the
width of the flow tube. The particle residence time in
this expanding region was 60s, and it was assumed
that the effective diameter for wall loss increased lin-
early with time in this region. The radius was then
held constant at 10cm for the remaining portion of
the flow tube, which covered a period of 124s.
Finally, the radius was assumed to decrease linearly
from 10 cm back to 2.375cm over the final 38s spent
in the outlet funnel. Modeling wall loss in this way
gave a time averaged kywp = 6.4x 107> s~'. As dis-
cussed later, the difference between these two methods
of calculating wall loss did not give an appreciable dif-
ference in the calculated molar yield of HOMs.

The final process accounted for in the model was
loss of HOM to the condensation sink. The condensa-
tion sink was calculated for each size distribution
according to Equation (3) adapted from Dal Maso
et al. (2002).

kes = 21D Y BydyiNi, (3)

where kcg is the first order rate constant for loss to
the condensation sink, d,,; is the particle diameter and
N; is the number concentration at the diameter.
However, the value of the condensation sink is not
constant throughout the flow tube as the size distribu-
tion begins as the seed distribution and evolves over
the residence time of the tube into what is measured
at the end. For this reason, we begin with the conden-
sation sink as the value calculated from the seed dis-
tribution and increase it as a function of # as
discussed by Ezhova et al. (2018). Because the conden-
sation sink increases at most by a factor of two in
these experiments, the assumed time dependence does
not have a significant impact on the calculations.
However, the condensation sink is very different for
the three size-selected aerosols studied in this work,
so it is imperative to consider its effect on par-
ticle growth.



Taking the discussed processes into account, HOM
production can be summarized by Equation (4):

[HOM],, 5, = [HOM]; + ky [oP], [ O3], yAt

—kwi [HOM], At — kcs[HOMJ,At,  (4)

where [HOM],, [¢P], and [Os], are the respective mix-
ing ratios at time f, At is the time increment, kyy is the
second order rate constant, and y is the molar yield of
HOM for a-pinene ozonolysis.

Figure 4 gives examples of this calculation for the
o-pinene and ozone mixing ratios used in the experi-
ment with 40 nm dia. seed particles. Figure 4a shows
the HOM mixing ratio and Figure 4b shows the
HOM exposure (pptv-s), both as a function of time in
the flow tube. Because HOM mixing ratio builds up
slowly at the beginning of the flow tube, the incom-
pletely developed laminar flow profile (Figure 3)
exerts a relatively small effect on HOM mixing ratio
and exposure at the outlet. These calculations assume
a HOM yield of 12.5% and use the constant tube
radius method of determining wall loss. HOM expos-
ure is obtained by integrating the HOM mixing ratios
as shown in Equation (5):

t
E, = J [HOM],dt, 5)
=0
where E; is total exposure at time t in the flow tube.
At the flow tube exit, the HOM mixing ratio and
exposure increase approximately linearly with ozone
mixing ratio under the conditions used in
the experiment.

In the work that follows, the calculated particle
diameter at the flow tube exit is determined by inte-
grating Equation (1) over time using the time-depend-
ent HOM mixing ratio determined from Equation (4).

3. Results and discussion
3.1. Particle growth measurements

Seed particle growth by o-pinene ozonolysis was
studied as a function of particle diameter and ozonol-
ysis reaction rate. The reaction rate was systematically
varied through successive increments of the ozone
mixing ratio. The seed particles were composed of
ammonium sulfate at low RH (10%), rendering them
nominally unreactive with respect to particle-phase
chemical processes.

One such experiment is shown in Figure 5 starting
with 40nm dia. seed particles. At the start of the
experiment, seed particles and ozone were sent
through the reactor and a stable flow was achieved. At
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the time point indicated by the vertical dashed green
line, a-pinene vapor was introduced, which caused the
seed particles to grow as indicated by increases in the
median diameter (third panel) and volume (fourth
panel) of the aerosol. After the size distribution stabi-
lized, the ozone mixing ratio was incremented up to
the next value. The median diameter and volume
increased again, and after the new size distribution
stabilized, this process was repeated. In all, four ozone
increments were performed, and their time points are
shown as vertical dashed gray lines in Figure 5. The
time between ozone increments was approximately 1h
as it took the reactor close to 30 min to reach steady-
state and then particle size distributions were averaged
over the remaining time period. The experimentally
observed equilibration time period for gas phase reac-
tants matched the CFD calculated time period, pro-
viding an additional consistency check between
measured and calculated flow properties.

An interesting feature of Figure 5 is the much
smaller fluctuation of the median diameter than the
aerosol volume. We attribute the variation in the
aerosol volume measurement mainly to fluctuation of
the aerosol output by the atomizer. Superimposed on
this fluctuation may be an additional contribution
from the measurement uncertainty of the SMPS. Since
neither of these variations affects particle residence
time in the reactor, the median diameter of the aero-
sol is a more precise indicator of particle growth.
While equations exist to fit the entire size distribution
and normalize variations in residence times such as
those outlined in Kuwata and Martin (2012), they
could not be directly used in this work because of the
nonuniform HOM mixing ratio throughout the tube.
Instead, median diameter is used as an indicator for
particle growth, because the precision and reproduci-
bility of the measurement are better.

Particle growth is also indicated by changes in the
average size distribution for each ozone increment.
Particle size distributions for the experiment in Figure
5 are shown in Figure 6a. The time periods over
which size distributions were averaged are shown as
horizontal bars just above the ozone plot in Figure 5.
With each ozone increment, the distribution shifts to
a larger particle size and broadens. This broadening
and its characteristic tail to the high diameter side of
the distribution are attributed to the shape of the resi-
dence time distribution in Figure 2. In addition, there
is a second peak observed, caused by doubly charged
seed particles that passed through the DMA used for
size selection and subsequently lost a charge prior to
analysis by SMPS at the flow tube exit.
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Figure 4. Calculated mixing ratio (a) and exposure (b) of HOMs for each ozone concentration over the residence time of the flow
tube. These plots used a molar yield of 12.5% for a-pinene ozonolysis with wall loss modeled as a constant diameter and conden-
sation sink (seed particles of 40 nm) for the experiment shown in Figure 5.

The experiment in Figure 5 was repeated for 60
and 80nm dia. seed particles. Plots for these experi-
ments are shown in Figures SI and S2, respectively,
and the size distributions are shown in Figure 6b and
c. For each seed particle size, the distribution shifts to
a larger particle diameter and broadens as the ozone
mixing ratio increases. The linear scale for particle
diameter is shifted among the plots in Figure 6 to
align the seed particle size distributions vertically,
which illustrates a key observation in these experi-
ments. The diameter growth of larger diameter seed
particles is less than that observed for smaller diam-
eter seed particles. This phenomenon and other details
of particle growth are discussed below.

3.2. Mechanism of particle growth

The experimental results in Figures 5 and 6 are sum-
marized in Figure 7, where the change in median
diameter (difference between median diameter with
and without «-pinene ozonolysis) is plotted vs. ozone
mixing ratio. In all, data from six separate experi-
ments are shown, two repeat experiments for each of
the three seed particle sizes. The replicate trials at
each initial seed diameter show good agreement, and
the diameter growth for each seed size is linear with
increasing ozone mixing ratio.

Apsokardu and Johnston (2018) have discussed the
particle size dependence of growth rates for different
growth mechanisms. The growth rate is, to a first
approximation, independent of particle diameter for
growth processes limited by the condensation rate of
gas phase precursors. Examples include condensation

of nonvolatile compounds whose evaporation rates are
negligible, and uptake of semivolatile compounds that
react so quickly in the particle phase to give a nonvo-
latile product that their uptake is limited by the con-
densation rate. In contrast, uptake of semivolatile
compounds by reaction in the particle phase at a rate
slower than the collision-limited condensation rate
would exhibit an increasing growth rate with increas-
ing particle size. For the growth experiments per-
formed here, dry ammonium sulfate seed particles are
expected to be inert with respect to particle-phase
chemistry. Therefore, growth is expected to be inde-
pendent of seed particle diameter assuming that the
condensation sink remains constant. However, the
condensation sink is very different for the 40, 60, and
80nm seed particle diameter experiments. As dis-
cussed below, it is condensation sink associated with
the different seed particles, rather than particle diam-
eter itself, that leads to the differences among the
plots in Figure 7.

The modeling approach described in Section 2.4
was used to calculate expected diameter increases for
comparison with the experimental data in Figure 7.
The only parameter in the calculation that is different
for the three particle sizes is the condensation sink for
the aerosol in each experiment. All other parameters
are fixed, except for the molar yield of HOM for the
ozonolysis reaction (y in Equation (4)), which is
adjusted to fit the calculated data to the experimental
data. The solid lines in Figure 7 show the best-fit cal-
culated diameter changes assuming a HOM molar
yield of 12.5% and wall loss based on a constant
10 cm radius. The method used to calculate wall loss
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Figure 5. Growth experiment of 40 nm ammonium sulfate seed particles. At the top is a contour plot of aerosol size distribution
measured by SMPS, followed by ozone mixing ratio, median particle diameter, volume and particle number concentration exiting
the flow tube. The green vertical line indicates when a-pinene vapor injection began. Gray vertical lines indicate when increments
of the ozone mixing ratio were made. Dots represent raw data and the black lines are ten-point moving averages. Bars below the
contour plot indicate the time where data were averaged for further analysis.

only slightly affects the HOM yield derived from the
modeling. If, instead, wall loss is calculated using the
varying radius approach, the molar yield needed to fit
the data is 13.5%. For either method of calculating
wall loss, changing the HOM molar yield by as little
as £0.5% caused the solid lines to deviate significantly
from the experimental data. Taking all of these obser-
vations into account, we report the molar yield of
HOM to be 13 +1%.

The electrospray ionization mass spectrum of par-
ticles that were collected from the 250ppbv ozone
experiment with 60nm seed particles is shown in
Figure S3. The mass spectrum is dominated by
CxHyOZ species having x<10, ie, monomers.
Molecular formulas assigned from Figure S3 do not
closely match formulas assigned from chemical

ionization measurements of HOMs. This difference
has been noted in previous studies and is attributed to
decomposition of gas-phase HOMs once they enter
the particle phase (Zhang et al. 2017; Krapf et al
2016; Tu, Hall, and Johnston 2016; Mutzel et al.
2015). While a correspondence of Figure S3 with gas-
phase HOM measurements is not expected, Figure S3
does provide insight for the discussion below. First,
dimer signal intensities are very low. Since most
dimer species are thought to be formed directly in the
particle phase as discussed by Shiraiwa et al. (2014), it
is unlikely that oligomerization in the particle phase
contributed significantly to particle growth in these
experiments. Second, there is no evidence of organo-
sulfate formation, ruling out this pathway as a signifi-
cant contributor to particle growth.
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3.3. Comparison of yields based on gas vs.
Particle phase measurements

Table 1 compares the molar yield of condensable
organic molecules obtained from particle growth
measurements in this work to molar yields of HOMs
from previous gas-phase measurements with NO;~
chemical ionization. Our reported vyield (13%) is
somewhat higher than the yields determined from

gas-phase measurements (3-7%). Three factors that
may contribute to this difference.

First is the character of gas-phase measurements.
HOM yields are based on a specific set of ions
detected with NO;~ chemical ionization, the assump-
tions being that all relevant species are detected by
this method and the ionization yield (fraction of mol-
ecules entering the mass spectrometer source region
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Figure 7. Seed particle growth (increase in median diameter) vs. ozone mixing ratio. Squares and circles represent duplicate
experiments with error bars representing one standard deviation. The lines represent predicted particle growth using modeling as
described in Section 2.4 with a molar yield of 12.5% for formation of HOMs from o-pinene ozonolysis.

that are ionized) is fixed and known. However, if
some species are not detected, then the actual HOM
yield will be greater than the measured yield. We note
that measured particle growth tends to be underesti-
mated by chemical ionization measurements (Ehn
et al. 2014; Trostl et al. 2016), which suggests that
some relevant species may not be detected.

Second is the character of particle-phase measure-
ments. HOMs are thought to be highly reactive mole-
cules that can decompose quickly in the particle phase
(Krapf et al. 2016). If decomposition leads to forma-
tion of a more volatile product, then evaporation of
the product will decrease the particle size and give a
smaller apparent growth rate than predicted by HOM
condensation alone. In the current experiment, the
short residence time of particles in the flow tube min-
imizes this effect. Alternatively, it is possible that het-
erogeneous chemical reactions, i.e., reactions that
occur within the condensed phase or at the interface
between phases, could assist particle growth if they
transform relatively volatile molecules that strike the
particle surface into nonvolatile products that stay in
the particle phase. In this case, particle growth would
be greater than that predicted by condensation of
HOMs alone since a wider range of molecular species
contribute to growth. The molecular composition
measurements in this work rule out particle phase
chemistry associated with oligomer and organosulfate
formation. However, it is possible that other types of
reactions may occur, particularly those occurring at
an interface. If we assume a core-shell morphology

for particles exiting the flow tube, i.e., a liquid second-
ary organic layer surrounding a solid inorganic core,
then the thickness of the organic layer of particles
exiting the flow tube is at most a few nanometers and
the surface-to-volume ratio is high. Therefore, surface
chemistry could have a rather large impact on par-
ticle growth.

Third is the impact of experimental conditions. An
important difference between the gas-phase studies in
Table 1 and ours is RH. If formation of the stabilized
Crieegie Intermediate (sCI) is a step in the formation
of HOMs, then it is possible for RH to have a direct
effect on measured HOM vyield as water has been
shown to react with sCI (Newland et al. 2018; Berndt
et al. 2014) reducing the HOMs produced and lower-
ing the yield with increasing RH. Therefore, the
higher yield reported in our work could be due in
part to the lower RH. Another important difference is
particle size. Most of the gas-phase experiments in
Table 1 were focused on growth of particles on the
order of a few nanometers. In this size range, the
Kelvin effect exerts a huge impact on molecular vola-
tility, and the range of molecules that can lead to par-
ticle growth is much smaller than for Aitken mode
particles where the Kelvin effect is insignificant. We
note that the molar yields determined by Jokinen
et al. (2015) and Kirkby et al. (2016) excluded HOMs
thought to be unimportant for growth of small nano-
particles, and their yields are much smaller than ours.
The Ehn et al. (2014) study did include a measure-
ment of Aitken mode particle growth, and their yield
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is closest to ours. Future studies will focus on higher
RH and different seed particle compositions to eluci-
date their roles in particle growth.

4, Conclusions

We have investigated the growth of size-selected
ammonium sulfate seed particles in the 40-80nm
range by o-pinene ozonolysis under dry conditions.
The increase in seed particle diameter was consistent
with a collision-limited condensational growth mech-
anism, and the magnitude of the increase allowed the
molar yield of condensable organic molecules from
o-pinene ozonolysis to be determined. The reported
HOM yield, 13+1%, is somewhat higher than
reported yields of HOMs measured in the gas phase
with NO;~ chemical ionization mass spectrometry.
Potential reasons for this difference were discussed
including factors inherent to gas phase measurements,
particle phase measurements, and the experimental
conditions of the various studies.
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