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dark-ozonolysis of a-humulene
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and Spyros N. Pandis *bd

Sesquiterpenes (C15H24) are a class of biogenic volatile organic compounds that are significant secondary

organic aerosol (SOA) precursors due to their high reactivity with oxidants and their high SOA yields.

Previous studies have focused almost exclusively on b-caryophyllene, and there is relatively little known

about the other sesquiterpenes. In this study we focus on another major sesquiterpene, a-humulene,

which has three endo-cyclic double bonds. A series of experiments quantified the SOA production

during the ozonolysis of a-humulene in the Carnegie Mellon atmospheric simulation chamber. The

experiments resulted in high SOA yields ranging from 30 to 70% for SOA concentration in the range 10

to 100 mg m−3. Most of the SOA had effective volatility equal to or less than 1 mg m−3 at 298 K and the

average SOA effective vaporization enthalpy was 115 ± 23 kJ mol−1. The SOA aerosol mass spectrometer

(AMS) spectrum was slowly evolving during experiments, which suggested modest differences, from the

AMS point of view, between the SOA compounds produced initially and the SOA compounds produced

towards the end of the experiment. The a-humulene SOA mass spectrum resembled that of b-

caryophyllene SOA but it was less similar to a-pinene SOA.
Environmental signicance

This study investigates the secondary organic aerosol formation during the ozonolysis of one of themost important sesquiterpenes, a-humulene. Sesquiterpenes
are emitted by vegetation and due to their size andmultiple double bonds can be signicant precursors of secondary particulate matter. This study characterizes
the corresponding organic aerosol and provides information for the simulation of the corresponding production processes in atmospheric chemical transport
models.
Introduction

Atmospheric aerosols are liquid or solid particles suspended in
the atmosphere. Organic aerosol is a major constituent of ne
particulate matter, with about 50% of the mass of sub-
micrometer particles due to the presence of thousands of
semivolatile or low-volatility organic compounds.1 Organic
aerosol can be divided into two main categories: primary (POA)
and secondary (SOA). POA is directly emitted into the air from
combustion and other sources (vegetation, cooking, etc.). SOA is
formed through gas-phase oxidation reactions in the atmo-
sphere of volatile, intermediate volatility, and semi-volatile
organic compounds with oxidants such as ozone and the
hydroxyl radical and is the dominant organic component in
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most areas and seasons.2,3 SOA can be produced by reactions of
either biogenic or anthropogenic organic vapors.

Biogenic volatile organic compounds (VOCs) have higher
emissions on a global scale than anthropogenic VOCs.4 Biogenic
VOCs include isoprene (C5H8), a series ofmonoterpenes (C10H16),
sesquiterpenes (C15H24), and several oxygenated organic
compounds. The SOA formation potential of monoterpenes and
isoprene has been studied extensively,5–9 but much less is known
about the sesquiterpenes. Sesquiterpenes are mostly emitted by
vegetation, such as conifers, deciduous trees, and owers.10 They
are used by the plants as a biological deterrent for herbivores.
Their emission rates are inuenced by factors such as tempera-
ture, light, season, and are higher during the summer.11 Sesqui-
terpene emissions are estimated to be 10–30% of those of
monoterpenes.12 b-Caryophyllene emissions account for approx-
imately 25% of global sesquiterpene emissions.13 Sesquiterpenes
are much more reactive than the smaller biogenic VOCs and
could have much higher SOA yields, but they are also emitted at
smaller quantities.

Despite signicant improvements during the last couple of
decades, many chemical transport models (CTMs) have
Environ. Sci.: Atmos., 2023, 3, 1025–1033 | 1025
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signicant difficulties reproducing observed SOA levels in
various areas of the world. The ability of a gaseous precursor to
form SOA is usually described in these CTMs by its aerosol mass
yield. These yields are measured in smog chamber experiments
in which a single organic vapor is allowed to react with oxidants
and the resulting aerosol as well as its other products are
measured.14 Most CTMs neglect sesquiterpenes when simu-
lating SOA formation due to the uncertainties in their yields and
emissions. The few CTMs that include sesquiterpenes use data
from b-caryophyllene studies. Khan et al.15 using this approach
in the STOCHEM model estimated that the oxidation of
sesquiterpenes increases the global SOA burden by 48% relative
to the base case. Because previous studies have focused almost
exclusively on b-caryophyllene, little is known about other
sesquiterpenes. It is not clear if the other 75% of global
sesquiterpene emissions behaves the same as b-caryophyllene
or has much lower/higher SOA yields. The objective of this work
is to investigate the SOA formation during the ozonolysis of one
the most important sesquiterpenes, a-humulene.

a-Humulene is a cyclic sesquiterpene with three double bonds
(Fig. 1), which make it very reactive with ozone. For comparison,
b-caryophyllene has two double bonds. The corresponding three
ozonolysis rate constants of a-humulene at 298 K are: k0 = 1.2 ×

10−14 cm3 per molecule per s, k1 = 3.6 × 10−16 cm3 per molecule
per s, and k2= 3× 10−17 cm3 permolecule per s.16 The early study
of Dekermenjian et al.17 focused on the analysis of the FTIR
spectra of the a-humulene SOA produced in a high concentration
experiment and provided some insights about its composition.
Griffin et al.18 investigated the SOA produced in the photooxida-
tion of a-humulene in the presence of NOx. Beck et al.16 reported
a-humulene ozonolysis SOA yields of 14–44% for 170–1500 mg
m−3 of SOA formed while Lee et al.19 measured a 45% for 415 mg
m−3 of SOA formed. Jaoui et al.20 reported a 47% SOA yield at an
SOA concentration of approximately 165 mg m−3. An SOA yield of
also 47% at 415 mg m−3 can be estimated from the Ng et al.21

results. Romonosky et al.22 investigated the aqueous photolysis of
the SOA formed from the a-humulene ozonolysis in one relatively
high concentration experiment. There is little or no information
about the SOA yields from the a-humulene ozonolysis for the
more relevant SOA concentration range of 1–50 mg m−3.14 The
present examines the ozonolysis of a-humulene in considerable
detail including the yields as a function of SOA concentration, the
production of SOA as the different generations of reactions are
proceeding, the SOA volatility distribution, and the AMS spectra
evolution. The results are used for the derivation of a volatility
basis set parameterization of the SOA that can be used for the
simulation of the corresponding processes in chemical transport
models.
Fig. 1 Structure of a-humulene (C15H24).

1026 | Environ. Sci.: Atmos., 2023, 3, 1025–1033
Methodology
Experimental setup

All experiments were carried out in the smog chamber of the
Carnegie Mellon University (CMU) Center for Atmospheric
Particle Studies (CAPS) (Fig. 2). The chamber is a 10 m3 Teon
reactor suspended in a temperature-controlled room and sur-
rounded by UV lights. The chamber is ushed with puried air
with the UV lights on for at least 8–10 hours prior to running an
experiment. The air is puried passing through HEPA and
activated carbon lters and also through silica gel to reduce the
relative humidity to <10%. The NOx levels in the chamber were
always close to zero during these experiments. NOx was
measured used a Teledyne API, Model 200 A NOx analyser which
has a detection limit of 0.4 ppb.

Aer lling the reactor with clean air, a TSI atomizer (model
3076) was used to generate ammonium sulfate droplets. The
droplets were then sent through a diffusion dryer, and the water
evaporated resulting in dry ammonium sulfate particles. The
particles were injected into the chamber to provide a pre-
existing surface area for the SOA to condense on. The next 2
hours were used as a period for the measurement of the particle
wall-loss rates to the walls of the chamber.

In the next stage a small amount of d9-butanol was added
into the chamber. The d9-butanol was used as a tracer for the
OH radical following the approach of Barmet et al.23 The d9-
butanol concentration and the concentrations of other VOCs in
the chamber were tracked by a proton-transfer reaction mass
spectrometer (PTR-MS, Model QMG-422, Ionicon Analytic).

Aer the d9-butanol concentration in the chamber had
stabilized, an excess amount of ozone was generated using
a corona discharge ozone generator (HTU-500, AZCO Industries
LTD.) and transferred into the chamber. The ozone was allowed
time to mix throughout the chamber until its concentration
stabilized. The ozone concentration was measured using an
ozone monitor (Teledyne, Model T400). Aer this point the
chamber was ready for the injection of a-humulene.

Sesquiterpenes are “sticky” molecules, so they can easily be
lost to the walls of tubing and of instruments.24 Therefore,
a heated septum injection system was used to ensure that
Fig. 2 Experimental set-up used in this study. The thermodenuder and
dilution chamber were used in selected experiments to quantify the
volatility distribution of the produced SOA.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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practically all of the injected sesquiterpene is transferred into
the chamber. A small volume of liquid a-humulene was
measured and drawn into a syringe. Clean air was preheated
and passed through the injection point for 10 min. The syringe
was then inserted into the septum injection point, and the a-
humulene was gradually injected over 2 min. This was dened
as the starting point (time zero) of the experiment. To clear the
septum of any residual a-humulene, clean air was passed
through the septum for an additional hour. The experiments
lasted for 4–6 hours. Aer the experiments ended, puried air
was used to ush the chamber and the cleaning procedure was
started. Eight experiments were performed in this study (Table
1), with the initial a-humulene concentration varying from 4 to
42 ppb.

A scanningmobility particle sizer (SMPS, TSI classier model
3082, CPC model 3775, DMA model 3081) was used to measure
the particle number and volume distributions and the corre-
sponding concentrations. The mass concentrations, along with
the chemical composition, of the particles were monitored
using a high-resolution time-of-ight mass spectrometer (HR-
ToF-AMS, Aerodyne Research, Inc.).

The thermodenuder (TD) described in An et al.25 was used to
measure the SOA volatility distribution. The SOA was sampled
through either the TD or a bypass line (Fig. 2). This was done by
switching the ow using two three-point valves. A dilution
chamber (Teon, 2.5 m3) was also used for the measurement of
the volatility distribution using isothermal dilution. A metal
bellows pump (Baldor, model MB-302) was used to transfer
particles from the main chamber to the dilution chamber. The
PTR-MS also sampled from the dilution chamber to determine
the dilution ratio and the SMPS measured the particle size
distribution in this reactor (Fig. 2). The combination of ther-
modenuder and isothermal dilution measurements provides
a better constraint of the SOA volatility distribution.26 Both the
thermodenuder and isothermal dilution techniques provide
driving forces that cause evaporation of the particles and in this
way provide information about their volatility. The thermode-
nuder uses heating; therefore, the observed particle evaporation
in this instrument depends both on the volatility of the particles
at room temperature and on their enthalpy of vaporization. A
major advantage of the technique is that it can observe the full
evaporation of the particles.

Isothermal dilution uses dilution at room temperature to
evaporate the particles. The observed evaporation depends only
Table 1 Experimental conditions

Exp VOC (ppb) O3 (ppb)
Seeds
(mg m−3)

SOA
(mg m−3)

SOA yield
(%)

1 4 375 27 11 33
2 11 1100 35 62 70
3 42 465 0 155 55
4 11 310 30 48 52
5 11 275 80 38 41
6 11 330 140 55 60
7 5 345 26 12 28
8 12 290 72 63 64

© 2023 The Author(s). Published by the Royal Society of Chemistry
on the volatility at room temperature. However, because there
are limits to how much the particles can be diluted this tech-
nique can usually observe only the partial evaporation of the
particles (10–30% of their mass). Their combination has the
advantages of both for the challenging estimation of several
parameters (volatility distribution, enthalpy of vaporization,
potential resistances to mass transfer) at the same. The
measurements for the TD have been corrected using the
temperature and size dependent particle loss corrections
following the approach of Cain et al.26

Data analysis

SQUIRREL 1.60O (SeQUential Igor data RetRiEvaL) and Pika
1.60O (peak integration by key analysis) were used for the HR-
ToF-AMS data analysis. The AMS collection efficiency (CE) is
the fraction of the particulate matter mass measured by the
instrument. It is usually less than unity and is the product of
three efficiencies that result from the difficulty of getting all the
particles and their components through different parts of the
AMS. An extended version of the Kostenidou et al.27 algorithm
based on the combination of the SMPS and AMS size distribu-
tions was used for the estimation of the AMS collection effi-
ciency (CE) and the SOA density. The original version of the
algorithm assumes that the same CE applies to all particles in
the experiment, and therefore that the CE is size independent.
However, this method was not appropriate for our experiments
because two modes of particles existed: one due to nucleation
and growth with particles only consisting of SOA and a second
that contained ammonium sulfate coated with SOA. These two
modes were tted independently, and two CE values were
determined, one for each mode. The organic-only mode had
a much higher CE than the particles in the ammonium sulfate/
organic mode. The CE for both modes was estimated as
a function of time with an averaging period of one hour.

Size-dependent wall-loss corrections

One major challenge of smog chamber experiments is the loss
of particles to the walls. These wall-losses decrease the
measurable mass inside the chamber, and they can be charac-
terized as a rst-order process.28 To characterize the wall-losses,
experiments with inert non-volatile ammonium sulfate particles
were performed. Aer the particles were injected, they were
allowed to stay in the chamber undisturbed for about 2 hours.
The SMPS measurements of the evolution of their size distri-
bution were used then to estimate the size-dependent particle
wall-loss rate constant using the approach presented by Nah et
al.29 The corresponding estimates of the size-dependent wall-
loss rate constant are averaged during each experiment. These
constants were determined before each experiment.

We tried to minimize the wall losses of the gas-phase prod-
ucts of a-humulene by using high concentrations of seeds. In
this way, most of the producedmaterial should condense on the
pre-existing particles and should not be lost to the walls. No
additional vapour loss corrections were used for these experi-
ments. When there are no seed particles there is a period in
which the concentration of the condensable organic
Environ. Sci.: Atmos., 2023, 3, 1025–1033 | 1027
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Fig. 3 SMPS measured total volume concentration (red), wall-loss
corrected concentration (blue), and uncertainty range for exp. 1.
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compounds is above the saturation threshold but below the
nucleation threshold. During this period there is rapid
condensation to the walls of the chamber. Under certain
conditions it is even possible for no SOA to be formed as the
nucleation threshold may never be exceeded. The seed particles
allow the SOA to start forming as soon as the system reaches
saturation. The use of neutral non-volatile spherical seeds like
ammonium sulfate is considered optimum. Organic seeds
could complicate the situation by interacting with the SOA (e.g.,
forming a solution or multiple phases in the particles), could
react with the various oxidants, etc.

Before the ozonolysis reaction begins (t = 0), the chamber
only contains ammonium sulfate particles. Aer correcting for
particle wall-loss, the volume concentration before the ozonol-
ysis reaction was for all practical purposes stable. The increase
in volume aer the reaction begins is due to the formation of
SOA. The wall-loss corrected SOA volume can be calculated as
the difference between the wall-loss corrected total volume and
the ammonium sulfate seed volume:

VSOA(t) = Vtot(t) − Vseed (1)

The wall-loss corrected SOA volume is then converted to the
wall-loss corrected SOA mass [MSOA(t)] by multiplying with the
organic aerosol density obtained from the Kostenidou et al.27

algorithm. The above procedure was applied to the concentra-
tions of both the dilution and main chamber.

SOA yield calculations

The SOA yield, YSOA, for each experiment was estimated based
on:

YSOA ¼ CSOA

Csesq;Inj

� 100% (2)

where CSOA is the concentration of the produced SOA at the end
of the experiment and Csesq,Inj is the concentration of a-
humulene injected. For these experiments, the yields were
based on the SMPS data. Since it was not possible to measure
accurately the total concentration of a-humulene injected due
to its high reactivity and the limitation of the available PTR-MS
to measure the concentrations of large organic molecules (with
m/z higher than 200), it was assumed that all the injected a-
humulene was injected into the chamber and reacted. The
characteristic reaction times for the initial reaction between a-
humulene and ozone in our experiments were less than 2 min
for all cases.

Results

We rst present and discuss the results of a typical experiment.
In exp. 1, 4 ppb a-humulene reacted with 375 ppb O3. A simple
kinetic model of the three stages of ozonolysis of the a-humu-
lene suggests that the reaction of the rst double bond was
quite fast and required less than 2min in this experiment, while
the reactions of the second double were completed aer
approximately 30 min. All three double bonds had reacted (95%
completion) aer approximately 5 h for.
1028 | Environ. Sci.: Atmos., 2023, 3, 1025–1033
The ammonium sulfate aerosol volume was reduced from 27
mm3 cm−3 to 19 mm3 cm−3 during the 2 h before the injection of
the a-humulene (Fig. 3). The size-dependent wall-loss rate
constant was approximately 0.11 h−1 for particles with diameter
higher than 250 nm and increased to 0.42 h−1 for 50 nm
particles and 0.57 h−1 for 30 nm ones. Aer applying the size-
resolved wall-loss rate constant the corrected ammonium
sulfate volume remained constant at 27 mm3 cm−3 (mass
concentration 46.9 mg m−3) for the seeds-only 2 hours period
before the injection of the a-humulene (Fig. 3).

In the 10 min period aer the injection the particle volume
increased by 2 mm3 cm−3. During this initial period ozone has
completely reacted with the rst double bond of a-humulene
and the reaction of the second double bond is at the 50% level
approximately. The SOA density calculated from the Kostenidou
et al.27 algorithm for this experiment was 1.3 g cm−3, therefore
approximately 2.6 mg m−3 of SOA were produced during this
initial stage of the experiment. The corresponding SOA yield in
this rst generation of reactions, assuming that the reacted a-
humulene was equal to the injected amount was 7% (at SOA =

2.6 mgm−3). Aer this initial rapid SOA production, the wall-loss
corrected SOA concentration continued to increase as the
second and third double bonds were reacting.

Aer 5 h of reactions the estimated SOA concentration was
11 mg m−3 and the SOA yield increased to 33% (Fig. 4a). At this
stage the SOA level was reaching asymptotically a plateau,
including the uncertainty due to the wall loss corrections. To
conrm that this later stage production of SOA is not an artifact
of our wall-loss correction approach we estimated the corre-
sponding uncertainty. In this experiment 70% of the particle
mass (based on the SMPSmeasurements) was in diameter range
above 150 nm. The wall loss-rate constant uncertainty for this
size range was approximately 20%. Using this uncertainty, the
nal estimated SOA concentration ranged from 7.8 mg m−3 to
14.6 mg m−3 (Fig. 4a). So even if we consider the lower bound of
the wall-loss corrected SOA there is production of additional
SOA during the second and third generation of reactions of a-
humulene of at least 6.8 mg m−3.

The different phases of the a-humulene ozonolysis can be
seen in the behavior of the ozone concentration in this experi-
ment (Fig. 4b). Ozone decayed rapidly during the rst couple of
minutes as it reacted mostly with the rst double bond of the
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) SMPS wall-loss corrected SOA mass concentration (blue)
and corresponding uncertainty bounds for exp. 1 and (b) concentration
of ozone during exp.1.
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injected organic. The noisy behavior is due to the fact that the
chamber was not perfectly mixed during these rst fewminutes.
Then there is a second phase with slower ozone decay as it
reacted mainly with the second double bond and nally a third
phase with an even slower decay as the slower reactions with the
third bond were still proceeding. One should note that there
were also losses of ozone to the chamber walls during this
period. The ozone levels decreased from 375 ppb to 340 ppb
during this experiment.
a-Humulene SOA yields

The measured SOA nal yields ranged from 30 to 70% for SOA
concentrations between 10 and 100 mg m−3 (Fig. 5) suggesting
that indeed a-humulene is a good SOA precursor.

The measured SOA yield was derived dividing the measured
SOA concentration by the initial a-humulene concentration
Fig. 5 Comparison of the a-humulene ozonolysis SOA yields
measured in this work and the yield fit for those yields estimated by the
Uruci et al.31 algorithmwith the b-caryophyllene SOA yields ozonolysis
of Tasoglou and Pandis.30

© 2023 The Author(s). Published by the Royal Society of Chemistry
calculated based on the injected amount and the volume of the
chamber. The different values for approximately the same
loading indicate the variability of our results that are due to
uncertainties in the reacted a-humulene, the corrections for
losses and other experimental issues. While the results of the
various experiments are in general consistent, the yield of
experiment 3 is an outlier. For exp. 3, the SOA yield was 43% for
an SOA concentration of 155 mg m−3. Based on the trend in the
yields of the other experiments, it was expected that the yield for
exp. 3 would be higher than 43%, especially because the initial
concentration of a-humulene was much higher than the other
experiments. The reason for this discrepancy could be because
exp. 3 was the only experiment without any ammonium sulfate
seeds. Therefore, the SOA mass lost on the walls would be
greater compared to the other experiments.

The measured a-humulene SOA yields are quite similar to
those of the b-caryophyllene ozonolysis determined in Tasoglou
and Pandis30 also shown in Fig. 6. For example, for SOA
concentrations around 10 mg m−3 the a-humulene SOA yield
was 28–33% and the b-caryophyllene yield was 24–30%. There is
some evidence that for concentrations above 50 mg m−3 the a-
humulene yields increased faster than those of b-caryophyllene,
but these concentrations are quite high, and thus less relevant
for the ambient atmosphere.

These results suggest that the hypothesis of similar SOA
yields of a-humulene and b-caryophyllene is valid and support
the use of b-caryophyllene as a surrogate compound for all
sesquiterpenes at least as a zeroth order approximation.
SOA volatility distribution

Approximately half of the SOA produced in exp. 3 evaporated at
80 °C (Fig. 6). Practically all the SOA evaporated at 140 °C aer
Fig. 6 Measured (red symbols) and predicted (blue line): (a) thermo-
gram and (b) areogram (dilution factor = 17.1) for the SOA from a-
humulene ozonolysis for exp. 3.

Environ. Sci.: Atmos., 2023, 3, 1025–1033 | 1029
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Table 2 Volatility distribution a-humulene SOA

Stoichiometric coefficients (ai)

DHvap (kJ mol−1) log(am) C*
i ðmg m�3Þ 10−2 10−1 100 101

115 � 23 −2 � 1 0.118 � 0.083 0.094 � 0.083 0.116 � 0.096 0.247 � 0.142
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isothermal dilution by a factor of 17, approximately 15% of the
SOA evaporated.

The SOA volatility distribution was estimated using the
algorithm of Uruci et al.31 This algorithm combines yield, TD,
and isothermal dilution measurements, to estimate the vola-
tility distribution of the SOA, its vaporization enthalpy, the
accommodation coefficient, and their uncertainties. This algo-
rithm also provides an uncertainty range of the estimated yields
at different temperatures and SOA levels. The estimated
parameters are shown in Table 2 and the corresponding ts for
the thermogram and areogram are shown in Fig. 6. Similar to
how thermograms are plots of the particle mass fraction
remaining (MFR) vs. the vaporization temperature of the TD,
aerograms are plots of the particle MFR over time for the
isothermal dilution experiments. Based on this estimated
volatility distribution, about 37% of the SOA mass derived from
low volatility organic compounds (LVOCs) while 63% was due to
semivolatile organic compounds (SVOCs).
SOA AMS mass spectra

The SOA AMS mass spectra measured in the beginning and in
the end of exp. 1 are shown in Fig. 7. They are characterized by
a strong peak at m/z 43, and signicant peaks at m/z 39, 41, 44,
53, 55, 64, 81 and 91.

To qualitatively compare the SOA AMS spectra measured in
the beginning and at the end of our experiments, the q angle
was calculated.32 The theta angle (q) is a similarity metric of two
AMS mass spectra. If both spectra are treated as vectors, theta is
their angle. The cosine of the angle q is equal to the correlation
coefficient R. The SOA AMS spectrumwas slowly evolving during
the experiment and the angle between the initial spectrum and
that at the end of the experiment was approximately 9°. A q

angle between two AMS spectra in the 0–5° range indicates an
excellent match and the compared spectra should be
Fig. 7 a-Humulene SOA AMSmass spectrameasured in the beginning
(t= 30–60min, black sticks) and at the end (t= 4–5 h, red dots) of exp.
1.

1030 | Environ. Sci.: Atmos., 2023, 3, 1025–1033
considered identical for all practical purposes (R2 ranging from
1 to 0.99). For a q angle of 6–10° there is a good match (R2

approximately 0.98–0.96), but there are some small differences.
A q of 11–15° shows that the spectra are quite similar, but they
are not the same (R2: 0.95–0.92), while for a q in the 16–30°
range the spectra are originating from different sources, but
there are some similarities (R2: 0.91–0.73). These results suggest
that there were some modest differences in the composition of
the SOA produced in the later stage of the a-humulene
compared to the compounds produced in the initial stage.

Fig. 8 shows the AMS O : C ratio of the a-humulene ozonol-
ysis SOA of exp. 1. Aer the rst 15 min of the experiment, the
O : C ratios were averaged every 15 min. The O : C of the SOA
increased rapidly to about 0.25 and remained relatively constant
for the remainder of the experiment. Part of this initial increase
may be due to the small amounts of organic impurities in the
ammonium sulfate particles, but part of it probably indicates
that the initial products have a lower O : C than the rest. This is
similar to the b-caryophyllene SOA O : C ratio of 0.31 ± 0.04
determined in Tasoglou & Pandis.30

The q angle between the average AMS spectrum of the a-
humulene ozonolysis SOA of this study and that of b-car-
yophyllene ozonolysis SOA of Tasoglou & Pandis30 was 14°
(Fig. 9). Similarities between these mass spectra are expected as
both SOA derive from sesquiterpenes. Common dominant
fragments across both spectra were atm/z's 39, 41, 43, 53, 55, 81
and 91. Some fragments that could be used to distinguish the
spectra from each other include m/z's 64, 73 and 80 as these
fragments showed more abundant signal for a-humulene SOA
in comparison to b-caryophyllene SOA. On the other hand,m/z's
67 and 95 had higher contribution in the b-caryophyllene SOA
mass spectrum.

Fig. 10 compares the mass spectrum of a-humulene ozo-
nolysis SOA of this study to a typical a-pinene ozonolysis SOA
mass spectrum. The q angle calculated between these two mass
spectra was 21°. The most distinct differences were at m/z's 43,
Fig. 8 AMSO : C ratio for exp. 1, averaged every 15min after t= 0.25 h.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 a-Humulene SOA mass spectrum measured in exp. 1
compared to a-pinene ozonolysis SOA mass spectrum (red dots).

Fig. 9 a-Humulene SOA mass spectrummeasured in the beginning (t
= 30–60 min, blue sticks) of exp. 1 compared to b-caryophyllene
ozonolysis SOA mass spectrum (red dots) from Tasoglou and Pandis
(2015).
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44, 56, 64, 67, 73, 80, 98 and 99. Fragments atm/z's 56 (C3H4O
+),

64 (C5H4
+) and 73 (C3H5O2

+ and C4H9O
+) were higher in the a-

humulene SOA spectrum. This was also the case for m/z's 98
(C8H2

+, C5H6O2
+, C6H10O

+) and 99 (C5H7O2
+) which had though

lower intensity. The fragments at m/z's 64 and 73 could be used
as chemical signatures for a-humulene SOA in order to poten-
tially distinguish it from a-pinene SOA. Table 3 presents the
angle theta and the coefficient of determination R2 between the
AMS mass spectra of a-humulene SOA and some biogenic SOA
mass spectra in the literature.5,30,33,36–38 “Biogenic SOA” is
Table 3 Comparison between a-humulene ozonolysis SOA and
biogenic SOA mass spectra

Theta
angle (R2) Ref.

Biogenic SOA 31° (0.69) Kostenidou et al.33

Isoprene-SOA 30° (0.70) Xu et al.5

b-Caryophyllene + O3 SOA 14° (0.92) Tasoglou and pandis30

Limonene + O3 SOA 17° (0.89) Kostenidou (unpublished
data)34

a-Pinene + O3 SOA 21° (0.84) Kostenidou (unpublished
data)35

Norpinic acid 39° (0.51) Kostenidou et al.36

MBTCA 41° (0.49) Kostenidou et al.37

© 2023 The Author(s). Published by the Royal Society of Chemistry
a factor proposed by Kostenidou et al.33 in their analysis of
ambient OA measurements in Greece. According to these
authors this corresponded to SOA produced as air masses were
passing over forested areas before arriving to the sampling site.
The lower angle theta, and thus higher similarity was observed
for b-caryophyllene and limonene ozonolysis SOA (angle theta
14 and 17° respectively). The higher discrepancies were calcu-
lated for individual norpinic SOA components such as norpinic
acid and MBTCA, which are considered as a- and b-pinene SOA
tracers.

Conclusions

In this study, we examined the formation of SOA from the dark-
ozonolysis of a-humulene. These experiments resulted in high
SOA yields ranging from 30 to 70% for SOA concentrations in
the range of 10 to 100 mg m−3. These yields are higher than
those reported by Beck et al.16 who did not use seeds in their
experiments. However, the measured SOA yields were similar
those of the b-caryophyllene ozonolysis in Tasoglou & Pandis30

for SOA concentrations less than 50 mg m−3. This result
supports the use of b-caryophyllene as a surrogate compound
for a-humulene, at least as a zeroth order approximation. Most
of the SOA had effective volatility at 298 K equal or less than 1 mg
m−3 and a signicant fraction (mass yields around 20%) were
low volatility organic compounds (LVOCs). The effective SOA
vaporization enthalpy was 115 ± 23 kJ mol−1. The a-humulene
SOA appears to contain more LVOCs than that produced by the
b-caryophyllene ozonolysis probably because it has an extra
double bond. The a-humulene ozonolysis SOA density was
1.3 g cm−3 and its average O : C was 0.25 ± 0.02.

The a-humulene ozonolysis SOA mass spectrum was slowly
evolving during experiments, and the angle of the correspond-
ing vector with the initial spectrum at the end of the experiment
was approximately 9°. This suggests modest differences, as far
as the AMS is concerned, between the SOA compounds
produced initially and the SOA compounds produced towards
the end of the experiment. These changes probably will not be
detectable under ambient conditions. The a-humulene SOA
mass spectrum at the beginning of the SOA formation showed
similarities with the b-caryophyllene ozonolysis SOA spectrum
with an angle theta of 14°. However, it resembled less the a-
pinene ozonolysis SOA spectrum. The main differences were
due the m/z's 39, 41, 43, 44, 56, 64, 67, 73, 80, 98 and 99. Frag-
ments at m/z's 64 and 73 were higher in the a-humulene SOA
spectrum.

One of the issues raised by single precursor studies like the
present one is the applicability of the results for the ambient
atmosphere. Given the complexity of the chemical pathways
leading to the SOA components and the uncertainty of the
properties (e.g., saturation vapor pressures of these compounds)
all current chemical transport models use some parameteriza-
tion of SOA yields based on experiments with a single precursor.
The models still account for other pollutants through the par-
titioning of the products to the organic particulate matter, the
dependence of the yields on NOx, the simulation of the coupled
gas-phase chemistry of all organic compounds, the
Environ. Sci.: Atmos., 2023, 3, 1025–1033 | 1031
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parameterizations of aging reactions, etc. The individual
concentration, temperature and NOx dependent yields serve as
the rst order approximation of these processes. They also serve
as the baseline for the quantication of the importance of the
interactions of the various precursors as they react together on
their respective yields. The investigation of these interactions is
quite time consuming because it involves experiments of
combinations of precursors and comparisons of the SOA
formed from the mixture with the sum of the individual yields.
There is a number of recent efforts to study the SOA formation
during the oxidation of mixtures of VOCs.39–41 These studies do
nd changes in the composition of the SOA but the overall
changes in the volatility distribution of the products and the
total SOA yields appear to be modest. These studies of mixtures
are valuable, but they still depend on the single precursor
experiments for testing the yield additivity. So indeed, these
VOCs never react on their own, but understanding the SOA
formation in single precursor experiment remains a useful step
in understanding eventually the importance of their
interactions.
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