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ABSTRACT: Secondary organic aerosol (SOA) is ubiquitous in the atmosphere and
plays important roles in environmental chemical processes, influencing air quality and the
Earth’s radiative budget. In the present work, 1-octen-3-ol (OTL) was identified as one of
several prominent green leaf volatiles (GLVs) emitted as a result of sugarcane wounding.
GLVs, a subset of volatile organic compounds (VOCs), act as SOA precursors and are a
potentially underrepresented source of the overall SOA budget. Here, ozonolysis
experiments of OTL standards were carried out in Teflon chambers in conjunction with
a scanning mobility particle sizer (SMPS), an electrical low pressure impactor (ELPI+),
and a near-infrared laser desorption ionization aerosol mass spectrometer (NIR-LDI-AMS). Under our experimental conditions, the
OTL ozonolysis rate constant and aerosol yield were estimated to be 5.00 ± 0.58 × 10−24 cm3 s−1 molecule−1 and 1.03 ± 0.07%,
respectively. Bounce factor (BF) calculations based on the ELPI+ data at relative humidity (RH) levels of 5, 30, 60, and 90% suggest
that the OTL-derived SOA exhibits largely non-liquid characteristics regardless of RH levels at particle genesis. Furthermore, high
RH at particle genesis also appears to decrease the hygroscopicity of the SOA, impacting its ability to activate as cloud droplets.
Online chemical analysis of the SOA using a NIR-LDI-AMS supports the production of oxygenated products ranging from 45 to 161
m/z, in addition to prominent oligomers well beyond this m/z range.

KEYWORDS: green leaf volatile, secondary organic aerosol, sugarcane, bounce factor, aerosol mass spectrometer, cis-3-hexenol,
cis-3-hexenyl acetate, 1-octen-3-ol

■ INTRODUCTION

Atmospheric aerosols play essential roles in climatic processes,
including participation in heterogeneous chemical reactions
and affecting the distribution, abundance, and transport of
trace gases.1,2 Atmospheric aerosols furthermore influence the
Earth’s radiative budget by absorbing and scattering radiation
(the direct effect)3 and by acting as cloud condensation/ice
nuclei (the indirect effect),4,5 which themselves absorb/scatter
radiation and also contribute to local weather phenomena.6

Organic aerosols (OAs) in particular contribute 20−50% to
the total fine particle mass at continental midlatitudes, while in
tropical forested areas contributions reach up to 90%.7−9 More
importantly, the majority of OAs (70−90%) is secondary in
nature (SOA), having been produced by the gas-phase
oxidation of volatile organic compounds (VOCs) present in
the atmosphere.10,11 While important strides have been made
in better understanding SOA, many of the fundamental
processes governing the formation, growth, and chemical and
physical properties are still poorly understood. In fact, recent
estimates of global SOA production rates suggest that
important SOA precursors are still unidentified and that
there remains a poor understanding of the chemical processes
leading to SOA.12−15 This lack of understanding also likely
contributes to discrepancies between model predictions and
the observed atmospheric aerosol content.16

One approach to identify VOCs acting as SOA precursors
involves identifying land uses that cover large areas followed by
characterization of volatile emissions and resulting SOAs
formed from oxidation of these emissions.17 For example,
previous work has identified specific green leaf volatiles
(GLVs), a subset of VOCs, emitted by turf grasses and
probed the subsequent SOA products formed via ozonolysis.17

However, many other potential GLV sources and their
contribution to atmospheric aerosols remain largely unex-
plored.
The hand harvesting of sugarcane often involves a preharvest

burn that produces a large amount of smoke, which is a major
source of primary organic aerosol (POA).18−22 Regarding
SOA, Chang et al.23 characterized the emissions of sugarcane
extract and found that the predominant emissions were
isoprene and monoterpenes and that about 30% of the
emissions were other VOCs. The additional VOCs have yet to
be characterized and may contain additional SOA precursors.
The volatile emissions released during the preharvest burn and
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the harvesting of sugarcane itself, however, have not been
characterized. Thus, the potential contribution of these GLVs
to SOA has, to the best of our knowledge, not been evaluated.
Sugarcane is a C4 plant in the Poaceae genus24 and is

expected to have emission profiles dominated by GLVs.25

Sugarcane covers a vast area of land: 70 million acres globally
and nearly 1 million acres in the US alone.26 As a tropical
plant, sugarcane is harvested during dry and sunny weather
during hurricane and typhoon free months.27 Additionally,
tropospheric ozone is often present at elevated concentrations
on sunny days.28,29 The GLV emission potential, large land
area coverage, and presence of ozone together suggest that
sugarcane growing and harvesting related activities may
contribute significantly to regional SOA.
In the present study, a GLV emission profile was measured

for wounded sugarcane leaves and found to be composed
primarily of cis-3-hexenyl acetate (CHA), cis-3-hexen-1-ol
(HXL), and 1-octen-3-ol (OTL). Chemical mechanisms of
SOA formation and yields by ozonolysis of CHA and HXL
ozonolysis have been previously investigated.17,30−32 Impor-
tantly, the reported SOA yields were of the same order as those
of prominent atmospheric terpenes, such as α-pinene and
limonene. Therefore, the current report focuses on OTL and
the chemistry behind its subsequent ozonolysis and SOA
formation. The SOA contribution of OTL is reported via
chemical characterization, utilizing a near-infrared laser
desorption/ionization aerosol mass spectrometer (NIR-LDI-
AMS), and bounce factor (BF, a surrogate for particle
viscosity) determination, utilizing an electrical low pressure
impactor (ELPI+). Additionally, a mechanistic pathway for the
formation of multigenerational OTL-derived SOA products is
proposed and an approximate SOA yield and ozonolysis rate
constant are reported.

■ MATERIALS AND METHODS
In all experiments, ozone was produced with a commercial
generator (OL80A/DLS, Ozone Lab, Burton, BC, Canada)
using dry, particle-free air. Ozone was injected by diverting the
output flow of the generator to the chamber for a
predetermined time pulse to yield the desired ozone
concentration. Typical injection pulses were in the range of
10−35 s.
Two Teflon reaction chambers were utilized separately for

this work and are referred to as the 775 L chamber and the 8
m3 University of Vermont Environmental Chamber
(UVMEC).33 For both types of reaction chambers, dry zero
air was used for flushing (after H2O2 passivation with UV
lamps) until background aerosol mass and number concen-
trations were well below 0.01 μg m−3 and 10 particles cm−3,
respectively. A glass microsyringe was used to quantitatively
transfer GLV aliquots into a glass three-neck flask that was
placed in a hot water bath. The liquid phase GLV content
within the flask was visually monitored as a flow of dry zero air
carried the newly volatilized GLV into the reaction chamber.
Once all gaseous GLV was introduced, the dry zero air flow
was shut off (typically after 10−20 min). The three-neck flask
was sealed except for the dry zero air inlet and an outlet
leading directly to the reaction chamber. All experiments were
conducted under ambient temperature and atmospheric
pressure. Particle size distributions were measured using a
scanning mobility particle sizer (SMPS 3082, TSI Inc.,
Shoreview, MN, USA) operating with sheath and aerosol
flows of 10 and 1.0 L min−1, respectively.

GLV Emissions and Subsequent Ozonolysis. Sugarcane
samples were collected by the University of Central Florida,
Everglades Research and Education Center and stored in
plastic oven bags. For all experiments, sugarcane samples were
shipped to the University of Vermont overnight and analysis
was performed within 24−36 h of harvest.
A measured mass of sugarcane leaves was placed inside the

775 L Teflon reaction chamber and GLV emissions were
collected using solid phase microextraction (SPME), which
consists of a polymer-coated fiber (65 μm PDMS/DVB, Sigma
Aldrich) to which VOCs adsorb. Calibration, sample
equilibration time, and method validation are described in
SI-1. A sampling port located adjacent to the headspace area of
the chamber allowed for easy and fast swapping of SPME
sampling fibers. After a suitable collection time (which was
determined to be 40 min, as described in SI-1), the fiber was
extracted from the sample headspace and injected directly into
the heated injection port (200 °C) of a gas chromatograph
(GC, Clarus 600, PerkinElmer) equipped with an analytical
column (Stabilwax 30 m, 0.32 mm i.d., Restek) and a mass
spectrometer (MS, Clarus 600 T PerkinElmer) for chemical
analysis.34−36 The GC oven was programmed as follows: hold
at 120 °C for 2 min, increase 10 °C min−1 to a final
temperature of 220 °C and hold for 10 min. The total run time
per sample was 22 min. The head pressure of the helium
carrier gas was 1.8 psi, which resulted in a flow rate of 1.52 mL
min−1. Electron impact ionization (70 eV) was used and
masses were scanned from 15 to 300 m/z. Chromatographic
peaks were identified by spectral matching with the NIST 2005
mass spectral library and confirmed by comparison of retention
times to those of known standards (where available).
Standards of HXL, CHA, OTL, 2-hexenal, heptanal, and
nonanal were purchased from Sigma-Aldrich, while decanal
was purchased from Pfaltz & Bauer. All standards were
reported as ≥95% pure and used without further purification.

OTL Ozonolysis Rate Constant. The ozonolysis rate
constant (k) was estimated using an OTL standard according
to a previously established method.37,38 Briefly, the rate of
ozone decay was measured in the presence of at least a 10-fold
initial molar excess of OTL (to ensure pseudo-first order
conditions). The OTL standard was added to the 775 L
chamber first followed by ozone, which was added at a
constant flow rate over a course of 30 s. Ozone concentration
was monitored at 5 s intervals with an American Ecotech
Serinus O3 Monitor (model E020010). The loss of ozone and
GLVs (i.e., the volatile SOA precursors) to chamber walls was
found to be negligible over the time scale of previous kinetic
experiments,17 confirming that the reaction with OTL was the
only significant removal process for ozone.

OTL-Derived SOA Yield. To estimate the SOA yield (%
Y), standards of OTL were injected into the 8 m3 UVMEC
followed by ozone. The consumption of OTL and production
of SOAs were then monitored and the SOA yield was
calculated according to eq 1, where Δ[SOA] is the maximum
SOA concentration (μg m−3) generated and Δ[GLV] is the
total amount of GLV consumed (μg m−3) at that SOA
maximum:

= Δ[ ]
Δ[ ]

×Y%
SOA
GLV

100%
(1)

The aerosol mass yields reported were determined at GLV
and ozone mixing ratios of 200 ppb.
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OTL-Derived SOA: Composition and Proposed Chem-
ical Mechanism. Chemical analysis of SOA was carried out
using a custom built near-infrared laser desorption/ionization
aerosol mass spectrometer (NIR-LDI-AMS).33,39 In this
method, the OTL-derived SOA was sampled from the chamber
following ozonolysis of the previously introduced OTL
standard. Sampling occurred through a Liu-type aerodynamic
lens and SOA was collimated into a particle beam that was
aligned to deposit aerosol mass onto the surface of an
aluminum probe (99.9% purity, ESPI metals, Ashland, OR)
suspended under high vacuum. The aerosol collected on the
probe’s surface was both desorbed and ionized using an
unfocused 3 mm diameter ND: YAG laser (Brio, Quantel USA,
Big Sky, CO,) pulse with 4 ns half-width and 20 mJ energy.
The deposited SOA mass was entirely desorbed by 2−3 laser
shots. A time-of-flight mass analyzer was used for ion detection
with a working mass range from 0 to 500 m/z and a mass
resolution of 1000 at 300 m/z. Mass spectra were collected at
1−5 min intervals over the course of approximately 90 min.
Mass spectra (from multiple laser shots) for a given time point
were summed and normalized to the 145 m/z base peak.
OTL-Derived SOA: Bounce Factor. Bounce factor (BF)

experiments required the use of the UVMEC due to the
inherent high volume sampling rate (10 L min−1). Following
the OTL standard introduction into the UVMEC, ozone was
introduced as described above. The particle BF method
described previously40 was utilized to infer the SOA phase
state. Briefly, an electrical low pressure impactor (ELPI+,
Dekati, Kangasala, Finland) operating sequentially with
smooth (favoring bounce) and sintered (minimizing bounce)
impaction plates was used to estimate the SOA bounce factor
(BF) based on corrected current distributions generated by
charged particles. Proprietary software provided by the
instrument manufacturer applied a correction algorithm
correcting for diffusion and space charger losses.41,42 The BF
was calculated according to eq 2:

=
−

Σ >

I I
Bounce Factor(BF) ,Filter Smooth

(bounce)
Filter Sintered
(no bounce)

Impactor Stage Filter
(no bounce)

(2)

where Ifilter (smooth)
(bounce) and Ifilter (sintered)

(no bounce) are the corrected currents
measured at the filter stage (i.e., the smallest diameter channel)
of the smooth and sintered plates, respectively.
∑I(impactor stage>filter)

(no bounce) is the sum of the corrected currents
obtained from all stages of the sintered plates except the filter
stage. Sequential experiments, where smooth plates were first
used followed by sintered plates and vice versa, were
conducted under identical conditions and experimental
parameters.
Experimental Conditions. Experimental conditions are

summarized in Table 1. SOA mass loading (CSOA) values
obtained from SMPS measurements have been corrected for
particle wall losses using ammonium sulfate in accordance with
a previously established method.43 All experiments were
conducted in duplicate.

■ RESULTS AND DISCUSSION
An underestimation in model SOA production may be a result
of a still incomplete understanding of SOA forming
mechanisms and/or the omission of significant SOA
precursors. C-4 plants, such as sugarcane, are known to emit
GLVs (such as OTL) which produce SOA upon atmospheric
processing. There is limited data on the role of OTL in

atmospheric oxidation reactions44,45 and we are not aware of
any reports of its reaction with ozone to produce SOA.
However, OTL has one terminal double bond (Scheme 1),
which can react with ozone to form gas and particle phase
products in addition to further multigenerational products.

GLV Emissions and Subsequent Ozonolysis. A
representative chromatogram (Figure 1) of sugarcane
emissions before (A) and after (B) the injection of ozone
gives a qualitative overview of the GLVs emitted and their
consumption following ozonolysis. Post-ozonolysis data points
are presented as negative values to allow for easy comparison
to pre-ozonolysis data. The absolute value of the magnitude of
the total ion chromatogram (TIC) intensity is therefore of
importance. The dominant emissions include HXL and 2-
hexenal, with lesser amounts of OTL, CHA, 3-hexenal, 1-
heptanal, and toluene. While more commonly derived from
anthropogenic sources, toluene has been identified as a
potentially prominent GLV as well.46,47 Additional chromato-
graphic peaks are present but cannot be seen on the scale
shown in Figure 1. All identified GLV emissions observed are
listed in Table 2.
The reaction profiles for CHA, HXL, and OTL are shown in

Figure 2, where ozone was injected 160 min following
wounding of approximately 130 g of sugarcane (wet weight),
which was freshly cut into 5−8 cm pieces. The pre-ozonolysis
mixing ratio and emission rate for CHA was 62 ppb and 1.22 ±
0.18 μg h−1 per gram sugarcane, and the corresponding values
for HXL were 40 ppb and 0.6 ± 0.1 μg h−1 per gram sugarcane.
While an accurate calibration of OTL was not possible due to
relatively small signal intensities for the SPME setup, a
qualitative examination of Figure 1 suggests that the OTL pre-
ozonolysis mixing ratio was below that of CHA and HXL.
Therefore, each GLV data set was normalized to its base peak
area to allow for easier comparison, as raw peak areas for each
compound scaled several orders of magnitude. CHA and HXL
data are presented as well to place OTL results into context
(Figure 2). Previous CHA and HXL ozonolysis investigations,
where a similar experimental approach and setup was utilized
and where gaseous wall losses were found to be negligible,
confirmed SOA production via a combination of SMPS, ELPI
+, and NIR-LDI-AMS data.17,31,32 As is evident from Figure 2,

Table 1. Experimental Conditions for All Experiments
Performeda

condition

SOA mass
loading

(CSOA) (μg m−3)experiment

GLV
mixing
ratio
(ppb)

ozone
mixing

ratio (ppb)

relative
humidity
(%)

GLV emissions,
ozonolysis*

N/A 800 20 1.6 ± 0.2

OTL-derived
SOA: rate
constant**

1000 100 5 N/A

OTL-derived
SOA: yield**

200 200 5 10.8 ± 0.7

OTL-derived
SOA:
composition*

1000 1000 5 80 ± 4.4

OTL-derived
SOA: bounce
factor**

200 200 5, 30, 60,
90

1.3−5.0

aAll experiments conducted under ambient temperature and
atmospheric pressure. Experiments were conducted in 775 L
chamber* or in 8 m3 UVMEC**.
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GLV mixing ratios for all three SOA precursors decreased
following ozone injection. This is in line with the current
knowledge regarding gas-phase ozonolysis, whereby alkenes are
highly susceptible to oxidative cleavage along an unsaturated
carbon bond.48 This also mirrors the results reported
previously for CHA and HXL.17,30 While OTL is not, based
on the work reported here, the dominant GLV emitted
following sugarcane harvesting activities, it is still an
unreported GLV that readily participates in ozonolysis, the
reaction of which has previously not been reported.

OTL-Derived SOA: Rate Constant and Yield. The
ozonolysis rate constant (k) of OTL was estimated using
established methods37,38 to be 5.00 ± 0.58 × 10−24 cm3 s−1

molecule−1. As a point of comparison, the rate constant of
OTL with OH radicals (another atmospherically relevant
oxidant) has, to the best of our knowledge, not been probed.
However, the rate constant for OH with other relevant GLVs
such as CHA and HXL has been estimated as 6.1 × 10−11 and
6.3 × 10−11 cm3 s−1 molecule−1, respectively,49 which is several
orders of magnitude higher than ozonolysis (5.8 ± 0.1 × 10−17

and 5.8 ± 0.9 × 10−17 cm3 s−1 molecule−1 for CHA and HXL,

Scheme 1. Proposed Abbreviated Reaction Mechanism for OTL Ozonolysis as Performed in Chamber Experiments. Boxed
Products Appear in Mass Spectrum (Figure 3)
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respectively),30 indicating a faster reaction under OH
conditions compared to ozonolysis conditions. This is
commonly observed with terpenes such as α-pinene as
well.50,51 Nonetheless, the reaction with ozone is a significant
atmospheric sink for terpenes52 and this is expected to be the
case for OTL as well.
To determine the SOA forming potential of OTL, its aerosol

yield (%Y) was estimated using standards of OTL in
accordance with eq 1. The aerosol mass yield for OTL at
200 ppb was found to be 1.03 ± 0.07%, which is slightly lower
but of the same order of magnitude as other GLVs such as
CHA and HXL.17,53 It is important to note that this

comparison to CHA and HXL is based on studies that utilized
higher GLV and ozone mixing ratios. Generally, elevated
mixing ratios inherently lead to higher aerosol yields due to
increased semivolatile gas to particle partitioning stemming
from a higher total condensed mass.54 Therefore, it must be
stressed that the aerosol yield measured in these experiments is
only an estimate specific to the GLV and O3 mixing ratios used
here. It is well known that the aerosol yield is a strong function
of overall organic mass loading, among other parameters, and
therefore it is not possible to simply extrapolate the measured
yield. Also, gas to wall partitioning of semivolatile and low
volatility oxidized products, which has been well documented
for Teflon chambers,55−57 may artificially lower the measured
SOA yields.58 Nonetheless, the results presented herein suggest
strongly that ozonolysis of GLVs from C-4 plants, and OTL
specifically, constitute potentially significant sources of regional
SOA, which is in addition to GLVs from other biogenic
sources.

OTL-Derived SOA: Composition and Proposed Chem-
ical Mechanism. NIR-LDI-AMS spectra of OTL-derived
SOA were collected following ozonolysis of OTL standards. A
normalized spectrum, based on all collected spectra for the
entire experimental run, was generated, which depicts the
desorbed and ionized mass (Figure 3).

A proposed mechanism for the ozonolysis of OTL was
developed to describe the formation of oxygenated products
ranging from 45−161 m/z (Scheme 1). It should be noted that
other relevant oxidants, such as OH radicals, are expected to
participate in the oxidation of OTL, leading to the subsequent
formation of SOA (among other products). That is, besides
the oxidation pathways presented here, there are other
oxidation pathways worth exploring that warrant future work.
Mass spectral evidence suggests that the ozonolysis pathway

for OTL oxidation is similar to that observed for CHA and
HXL.31 A detailed description of the ozonolysis mechanisms
for these GLVs and other alkenes are discussed in depth
elsewhere.59,60 In brief, oxidation begins with the addition of
ozone across the terminal double bond of OTL, leading to the
formation of a primary ozonide that readily fragments to form
two Criegee intermediates (CI-I and CI-II) and two oxidized
primary products (III and IV).

Figure 1. Chromatograms of sugarcane emissions (A) before
ozonolysis, where strong signals from CHA, HXL, OTL, and 2-
hexenal are observed, and (B) after ozonolysis. Negative values used
for post-ozonolysis data to allow for easy comparison with pre-
ozonolysis data.

Table 2. GLV Emissions from Sugarcane and Subsequent
Ozonolysis Productsa

emission
retention time

(min) product
retention time

(min)

toluene 2.3 methyl ester
butanoic acid

2.7

3-hexenal 2.8 heptanal 3.1
2-hexenal 3.5 octanal 4.0

cis-3-hexenyl acetate
(CHA)

4.2 nonanal 5.1

cis-3-hexen-1-ol
(HXL)

4.8 decanal 6.2

1-octene-3-ol
(OTL)

5.4

aCompounds were identified by comparison to the NIST spectral
library.

Figure 2. GLV emissions from 130 g (wet weight) of wounded
sugarcane. After 160 min, 800 ppb ozone was injected. Maximum
CSOA observed = 1.6 ± 0.2 μg m−3. The vertical line delineates GLV
production (left) from GLV consumption (right).

Figure 3. Representative normalized NIR-LDI-AMS spectrum based
on collection of spectra over a course of 56 min. Normalization
occurred after summation of individual m/z values collected for each
spectrum. Maximum CSOA of 80 ± 4.4 μg m−3. OTL (5 μL)
(corresponding to 1000 pbb) was injected into the 775 L Teflon
reaction chamber followed by 1000 ppb of ozone.
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The Criegee intermediates can engage in multigenerational
chemistry via several channels of reactivity, including
bimolecular reactions with water and further oxidation of CI-
I through a hydroperoxide channel.61,62 In instances of
bimolecular reactions with water, CI-I and CI-II form products
V and VI, respectively, which possess a low enough vapor
pressure to be observed in the particle phase. It is also known
that Criegee intermediates react with acids of a suitable
strength to form organic peroxides. In the aforementioned
hydroperoxide channel, CI-I rearranges to form a hydro-
peroxide that decomposes to form both a hydroxyl and alkyl
radical (not shown in Scheme 1). The alkyl radical
subsequently reacts with molecular oxygen to from an
alkylperoxy that may participate in additional reactions with
other radical species, such as HO•2 and RO•2, to form a
secondary generation of low volatility products, including VII
and VIII.62

Previous work has identified NO as a pertinent reactant in
alkene oxidation.63 However, it is not expected to play a
significant role for ozonolysis experiments presented here, as
background NO mixing ratios are in the parts per trillion
range64,65 and NO reacts rapidly with O3.

43 The alkylperoxy
originating from CI-I instead likely reacts with peroxy radicals
(RO2•), creating an alkoxy species that can experience HCO
abstraction and/or further oxidation by O2 to yield low
volatility and oxidized compounds, including products IX, X,
XI, and XII.17,59,62,66,67 It should be noted that NO mixing
ratios have the potential to increase during sugarcane
harvesting in the event of, but not limited to, heavy agricultural
vehicle usage. Additionally, NO mixing ratios associated with
sugarcane farms may vary spatially and temporally.68 The
potentially large variability of NO mixing ratios and its
subsequent impact on OTL (and other GLVs) chemistry
warrants additional work.
Formaldehyde (III) is expected to be found in the vapor

phase but was not observed as a product. Given that SPME is
efficient at sampling semi-VOCs; however, the high volatility of
this compound may have limited our ability to sample and
therefore detect/measure it. 2-hydroxyheptanoic acid, 2-
hydroxyheptanal, and other secondary products however
have sufficiently low vapor pressures (0.0349 and 4.57 Pa, as
calculated by the EPA EPI database),69 and they are expected
to contribute to SOA. Additionally, the hydroxyl group in OTL
is expected to participate in secondary oligomerization
reactions that would lead to additional SOA mass.31

Prominent products were also measured beyond m/z 161,
likely formed via accretion reactions. These reactions have not,
to the best of our knowledge, been investigated for OTL-
derived SOA specifically. However, previous studies have
probed other prominent biogenic SOA precursors such as
isoprene,70 where oligomer formation following reactions with
Criegee intermediates was shown to occur via various
pathways, including: bimolecular reactions with gaseous
water,71 peroxy radicals,72 and organic acids.73 Oligomers
produced as a result of alkene oxidation possess low saturation
vapor pressures, allowing them to exist in the particle phase,
thereby contributing to the tropospheric SOA budget.74−77

Furthermore, oligomers have been shown to contribute to
particle growth,78 forming almost immediately after the start of
the reaction and acting as an essential component in early
stages of biogenic SOA formation and growth.79 These
oligomers are also expected to exhibit more solid-like
properties,80 which is supported by the BF data (next section)

presented herein. As such, oligomers observed for OTL-
derived SOA likely play an essential role in initial particle
formation and subsequent growth and aging of OTL-derived
SOA.

OTL-Derived SOA: Bounce Factor (BF). Elucidating the
physical state of SOA can provide insights into SOA
formation81,82 and growth,83 gas−particle partitioning,84

reactive uptake on particle surfaces,85,86 and ultimately
atmospheric impacts.87−89 Employing a previously established
method,40 the BF was determined for OTL-derived SOA
generated under varying RH levels (Figure 4). This approach is

in stark contrast to most reports in the literature where SOA is
generated under dry conditions prior to studies of water and/
or reactive gas uptake post-genesis.86,90−93 Here, SOA particle
generation was initiated via ozone injection into environments
containing the SOA precursor at different relative humidity
levels: 5% (dry), 30, 60, and 90% RH. Therefore, it is likely
that the presence of water vapor impacted the chemical
formation and evolution of the SOA,94−96 as well as
subsequent uptake of water vapor by particles.97,98

According to SMPS data, a sizeable portion of the initially
generated SOA consisted of particles <10 nm in diameter,
which overlaps with the cut off diameter (D50) of the ELPI
filter stage (6.0 nm).40 The D50 corresponds to the specific
particle diameter with a 50% collection efficiency. For the
smooth impaction plates, these initially generated small
particles would reach the filter stage due to their aerodynamic
diameter, not bounce. The same would occur for the sintered
plates. In accordance with eq 2, for the smooth plates, these
particles would be treated as if they first bounced and then
subsequently reached the filter stage. This would therefore lead
to erroneously decreased BF. However, the particle size
distribution swiftly shifts toward the higher diameter values as
a function of experimental time. Therefore, the initial (time <
12 min) BF values have been omitted from Figure 4. For
geometric mean diameter data, see Figure S5. Interestingly,
SOA generated at higher RH did not exhibit decreased bounce,
as one might posit if water vapor condensed onto the particles.
Rather, a slightly increased bounce behavior was suggested

Figure 4. Bounce factor (BF, filled symbols) and mass loading (CSOA,
open symbols) of OTL-derived SOA. Ozone injection at time = 0,
following introduction of 10 μL (200 ppb) OTL into the UVMEC.
BF calculated from the ELPI data, and the CSOA data obtained from
SMPS measurements. Error bars represent ± 10%, based on estimates
from previous work.40
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when particle genesis occurred under conditions of elevated
RH as compared to dry conditions. However, statistical
significance of the differences has not been evaluated at this
point.
The SOA generated under humid conditions also do not

appear to readily take up water, as suggested by the constant
BF measured for 80 min following ozonolysis under 30 and
90% RH. In fact, under 60% RH, the BF continues to increase
up to 80 min following ozonolysis. This suggests that SOA
generated under humid conditions, at least for the case of
OTL-derived SOA, may have lower hygroscopicity and may be
less likely to be activated as cloud droplets. Taken together,
these observations strongly suggest that the role of gaseous
water at particle genesis not only impacts the SOA chemical
profile but can have implications for subsequent gas uptake (be
it water or other gases) by SOA during atmospheric aging.
All SOA generated under both dry and humid conditions

demonstrated considerable particle bounce, which suggests
that OTL-derived SOA remain non-liquid in nature.40 This is
contrary to conventional assumptions often used for
atmospheric modeling in which the SOA mass is considered
a liquid that undergoes instantaneous equilibrium partitioning
with semivolatile organic compounds.84,99 This does not
appear to be limited to solely OTL-derived SOA, however.
SOA derived from other VOCs, including but not limited to α-
pinene, CHA, and HXL, have also exhibited non-liquid
(including semisolid and solid) behavior under some
conditions, such as low relative humidity.32,81,100−102 In fact,
our results are in accordance with a recent report that diffusion
in α-pinene SOA remains appreciably slow even at 80% RH.103

The non-liquid character implies higher viscosity, which has
been shown to decrease theSOA growth rate due to lower
molecular diffusion within the particle.81,104 Furthermore, for a
particle of higher viscosity, heterogeneous oxidation by O3 is
likely limited more to the surface of the particle as opposed to
the particle bulk.105 Additionally, the limited partitioning of
SVOCs into larger, more viscous particles was recently found
to instead promote preferential growth of smaller particles
inherently possessing shorter diffusion time scales.106 There-
fore, due to its partial non-liquid character, multigenerational
and aged OTL-derived SOA likely exhibit decreased growth
rates and subsequently lower particle masses with limited
heterogeneous O3 oxidation (compared to low viscosity liquid
particles), which may have subsequent ramifications for both
direct (such as radiative forcing) and indirect (such as acting as
cloud condensation nuclei) climate effects. These effects may
be even more pronounced for OTL- derived SOA under
conditions of lower mass loadings, where other relevant VOCs
such as CHA, α-pinene, and limonene have been shown to
exhibit a more non-liquid behavior.32,107,108

■ CONCLUSIONS
Alongside other prominent GLVs, OTL has been identified as
a relevant GLV emitted following the harvesting and
subsequent wounding of sugarcane. Ozonolysis of OTL
standards led to the formation of SOA products possessing
significant non-liquid behavior at all RH levels (5, 30, 60, and
90% RH) studied, which were present at particle genesis and
held constant. In addition, the mass spectral data suggests the
formation of oxygenated SOA ranging from 45 to 161 m/z in
addition to prominent oligomers well beyond this m/z range.
This has important implications for initial particle formation,
subsequent growth, and aging, while emphasizing the need for

additional work focusing on the fundamental chemical
processes occurring at the molecular level during SOA
production. Besides OTL, numerous other compounds,
including CHA and HXL, were identified as prominent
GLVs emitted as a direct result of sugarcane harvesting and
further wounding. Furthermore, sugarcane emissions offer a
prime system to study the dynamics of a mixed system, as
sugarcane harvests have the potential to contribute POA
simultaneously with SOA.
Results presented herein with regard to the SOA particle

phase are in apparent stark contrast with the existing reports of
water uptake by SOA from a number of precursors. In these
previous reports, particle viscosity is typically shown to
decrease at higher RH (i.e., decreasing particle bounce) to
the point of deliquescence (i.e., particle bounce eliminated
entirely, implying liquid particles).86,90 The apparent discrep-
ancy may be explained by the fact that in previous work, SOA
was generated under dry conditions (typically with RH <5%
and always <50%) and then subjected to varying relative
humidity levels to measure water uptake. As such, the results
presented here show clearly that RH at particle genesis plays a
critical role in SOA aging, especially as it concerns water
uptake, highlighting the continued need for laboratory studies
that more accurately represent our atmosphere.
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