N

N

Hygroscopic growth and CCN activity of secondary organic
aerosol produced from dark ozonolysis of gamma-terpinene
Hichem Bouzidi, Layal Fayad, Cécile Coeur, Nicolas Houzel, Denis Petitprez,
Alessandro Faccinetto, Junteng Wu, Alexandre Tomas, Jakub Ondracek, Jaroslav

Schwarz, et al.

» To cite this version:

Hichem Bouzidi, Layal Fayad, Cécile Coeur, Nicolas Houzel, Denis Petitprez, et al.. Hygroscopic growth and
CCN activity of secondary organic aerosol produced from dark ozonolysis of gamma-terpinene. Science of
the Total Environment, 2022, 817, pp.153010. <10.1016/j.scitotenv.2022.153010p. <hal-03843735)

HAL Id: hal-03843735
https://hal.science/hal-03843735v1

Submitted on 8 Nov 2022

HAL is a multi-disciplinary open access archive L’archive ouverte pluridisciplinaire HAL, est des-
for the deposit and dissemination of scientific re- tinée au dépoét et a la diffusion de documents scien-
search documents, whether they are published or not. tifiques de niveau recherche, publiés ou non, émanant
The documents may come from teaching and research  des établissements d’enseignement et de recherche
institutions in France or abroad, or from public or pri- francais ou étrangers, des laboratoires publics ou
vate research centers. privés.

Au‘to'flizition
HAL Authorization


https://hal.science/hal-03843735v1
https://about.hal.science/hal-authorisation-v1/
https://about.hal.science/hal-authorisation-v1/
https://hal.archives-ouvertes.fr

10

11

12

13

14

15

16

17

18

19

20

21

22

Hygroscopic growth and CCN activity of secondary organic aerosol

produced from dark ozonolysis of y-terpinene

Hichem Bouzidit24*, Layal Fayad®*, Cecile Coeur?, Nicolas Houzel, Denis Petitprez?,
Alessandro Faccinetto3, Junteng Wus*, Alexandre Tomas?, Jakub Ondrac¢ek?, Jaroslav

Schwarz?, Vladimir Zdimal? and Andreas Zuend®

! Laboratoire de Physico-Chimie de I'Atmosphére, Université du Littoral Cote d'Opale,
Dunkerque, 59140, France.

2 Institute of Chemical Process Fundamentals of the CAS, Department of Aerosols
Chemistry and Physics, Prague, CZ-16502, Czech Republic.

3 Univ. Lille, CNRS PC2A, 59000 Lille, France.

4 IMT Lille Douai, Institut Mines-Télécom, Univ. Lille, Centre for Energy and
Environment, 59000, Lille, France.

5 Department of Atmospheric and Oceanic Sciences, McGill University, Montreal,

Quebec, H3A 0B9, Canada.

"Corresponding author: Hichem Bouzidi (hichem.bouzidi@univ-littoral.fr)

I These authors contributed equally.


mailto:hichem.bouzidi@univ-littoral.fr

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

Abstract

The hygroscopic growth factor (GF) and cloud condensation nuclei (CCN)
activity of secondary organic aerosol (SOA) particles produced during dark ozonolysis
of y-terpinene under different reaction conditions were investigated. The SOA particles
were produced in the presence or absence of cyclohexane, an OH scavenger; 1,3,5-
trimethylbenzene, an anthropogenic volatile organic compound; and (NH4)2SO4 seed
particles. A hygroscopicity tandem differential mobility analyzer was used to determine
the GFs of the SOA particles at RHs < 93%. For some experiments, a CCN counter
was used for size-resolved measurement of CCN activation at supersaturation (S) in
the range of 0.1 to 1%. The single hygroscopicity parameter x was derived from both
the GF and CCN measurements. Under subsaturated conditions, all the SOA (except
those in the presence of the (NH4)2S0O4 seeds) showed small GF values. These GFs
demonstrated that SOA mass loading affected the GF. A decrease in the SOA mass
loading led to increased GF and corresponding xcr Vvalues. However, in a
supersaturation regime, the SOA mass loading and the size of the particles did not
significantly alter the CCN activity of the SOA. Our CCN measurements showed
higher xcen values (xcen = 0.20-0.24) than those observed in most monoterpene
ozonolysis studies (xccn = 0.1-0.14). This difference may have been due to the
presence of the two endocyclic double bonds in the y-terpinene structure, which may
have affected the SOA chemical composition, in contrast to monoterpenes that contain
an exocyclic double bond. Our comparisons of sub- and supersaturated conditions
showed a larger range of x values than other experiments. Average xccn/xcr ratios of

~7 and 14 were obtained in the unseeded SOA experiments at low and high SOA mass
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loadings, respectively. The average xccn of 0.23 indicated that the SOA produced

during ozonolysis of y-terpinene exhibited fairly high CCN activity.

Keywords: Monoterpenes, y-terpinene, SOA, Hygroscopic growth,

CCN activation, Cloud droplet
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1. Introduction

It has been established that atmospheric aerosols affect the Earth’s radiation
budget by altering the scattering and absorption of sunlight (direct effect), but also the
cloud microphysics and thus ultimately affecting the cloud lifetime and coverage
(indirect effect) (Liu and Wang, 2010; IPCC, 2013; Scott et al., 2014; Swietlicki et al.,
2017). The magnitude of both effects depends on the hygroscopic properties of
atmospheric particles under sub- and supersaturated conditions (Zieger et al., 2010;
Vaisanen et al., 2016). The hygroscopicity and cloud condensation nuclei (CCN)
activity of aerosol particles represents the ability of the particles to interact with water
vapor in the surrounding air, which is governed by several chemical-physical properties
of the particles, such as their chemical composition, size, physical state and
morphology (Mikhailov et al., 2009; Krieger et al., 2012; Swietlicki et al., 2017; Altaf et
al., 2018). Large hygroscopic particles can be easily activated as cloud droplets due to
the key effect of nucleus size in cloud droplet formation. Whereas, small particles are
less efficiently activated into cloud droplets and are more sensitive to the aerosol
composition and environmental peak supersaturation during cloud formation (Zhao et

al., 2015; Chang et al., 2017).

Atmospheric aerosols are complex mixtures of organic and inorganic
components. Secondary organic aerosol (SOA) particles account for a significant mass
fraction of tropospheric aerosols (Zhang et al., 2007; Hallquist et al., 2009). SOA
particles are produced mainly during gas-phase oxidation of volatile precursors, which
originate from a wide variety of biogenic and anthropogenic sources. Some of the
oxidation products have a vapor pressure low enough to nucleate or adsorb onto pre-
existing particles (Donahue et al.,, 2014). In addition, it has been shown that

interactions between anthropogenic and biogenic volatile organic compounds (VOCs)



93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

can significantly affect the properties of the SOA (Hoyle et al., 2011; Setyan et al.,

2014; Moise et al., 2015; Ahlberg et al., 2017).

To describe the ability of dry particles to act as CCN, Petters and Kreidenweis
(2007) extended the Kdhler theory (Eqg. 2; Section 3) by introducing the semi-empirical
single hygroscopicity parameter kappa (k) to characterize the water activity of a
multicomponent mixture. In theory, x describes the intrinsic ability to promote water
uptake and depends only on the chemical composition of the nuclei (Petters and
Kreidenweis, 2013). In practice, x combines different factors, including solubility and
surface tension, that represent CCN activation as a function of the dry particle diameter
(Petters et al., 2009b). The simplest form of the parameter x is based on the
assumption of perfect dissolution and no change in the gas-particle partitioning of
particle components upon changes in RH (i.e., non-volatile solutes) (Rastak et al.,
2017). A key aspect of this parameter is that changes in the apparent x values may be
related to changes in the chemical composition due to chemical reactions (Petters and
Kreidenweis, 2013). Therefore, xis widely used to describe and relate sub- and super-
saturated measurements of hygroscopicity and can be incorporated into models used
to predict CCN concentrations (Topping et al., 2011). For aerosols of complex or
unknown chemical composition, x can be derived by measuring the particle activity
against the water vapor supersaturation at fixed particle size, or equivalently against
the particle size at fixed water vapor supersaturation (often denoted xccn) (Prenni et
al., 2007; Su et al., 2010; Cerully et al., 2011; Petters and Kreidenweis, 2013; Wu et
al., 2020). Alternatively, x can be estimated from the hygroscopic growth factor (GF)

of the particles under subsaturated conditions with a hygroscopicity tandem differential
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mobility analyzer (HTDMA) (often denoted xcr) (Petters and Kreidenweis, 2013; Cai et

al., 2018).

Monoterpenes (CioHis), such as a-pinene, B-pinene, limonene and a- and vy-
terpinene, represent a large fraction of BVOCs emitted in the atmosphere and are
considered to be key contributors to a large fraction of a biogenic SOA (Kanakidou et
al., 2005; Tsigaridis et al., 2014; Hodzic et al., 2016; Xu et al., 2018; Yafiez-Serrano et
al., 2018; Zhang et al., 2018). The chemistry of monoterpenes in the atmosphere is
known to affect CCN activity (P6schl et al., 2010; Jokinen et al., 2015), as well as
radiative forcing, through aerosol-cloud interactions (Kazil et al., 2010; Carslaw et al.,

2013; IPCC, 2013).

Previous studies have focused mainly on the hygroscopic growth and CCN
activity of SOA particles that are derived from the oxidation of the three main
monoterpenes, a-pinene, B-pinene, and limonene, by using a variety of oxidants and
reaction conditions (Huff Hartz et al., 2005; VanReken et al., 2005; Varutbangkul et al.,
2006; King et al., 2007; Prenni et al., 2007; Duplissy et al., 2008; Engelhart et al., 2008;
Asa-Awuku et al., 2009; Juranyi et al., 2009; King et al., 2009; Petters et al., 2009c;
Wex et al., 2009; Frosch et al., 2011; Alfarra et al., 2013; Zhao et al., 2016). Most of
these studies have suggested that SOA particles that are generated from different
precursors can be efficient sources of CCN when the particles are sufficiently large
(Petters et al., 2009c¢). Virkkula et al. (1999) investigated the hygroscopic properties of
SOA particles produced during the oxidation of limonene, a-pinene, and B-pinene in
the presence and absence of (NH4)2SO4 seed particles. The SOA particles that were
formed during photooxidation and dark ozonolysis of 100 ppbv of a-pinene and
limonene were slightly hygroscopic under subsaturated conditions, with xcr ranging

between 0.04 and 0.06. VanReken et al. (2005) reported CCN activity data suggesting
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a dependence on the specific monoterpene SOA precursor (a-pinene, (3-pinene or 3-
carene), in contrast to studies by Prenni et al. (2007) and Engelhart et al. (2008), who
reported comparable CCN activity for these precursors at initial concentrations lower
than 40 ppbv. Dependence of the particle composition and/or hygroscopic properties
on the initial precursor concentration has been reported in ozonolysis and
photooxidation experiments with a-pinene-derived-SOA particles (Duplissy et al.,
2008; King et al., 2009; Shilling et al., 2009; Tritscher et al., 2011; Zhao et al., 2015).
These studies reported that SOA particles at low mass loading contain more
oxygenated materials than those at high mass loading. Zhao et al. (2015) observed
size-dependent xccn and chemical composition of SOA particles derived from the
oxidation of a-pinene and limonene and anthropogenic aromatic precursors and their
mixtures in the size range of 50-200 nm. They found that small particles had a higher
xcen and a higher degree of oxidation, although all the particles were formed from the
same reaction mixture, in agreement with previous studies (Tritscher et al., 2011,
Frosch et al., 2013). Furthermore, several laboratory studies (Wex et al., 2009; Good
et al., 2010b; Massoli et al., 2010; Dusek et al., 2011; Alfarra et al., 2013; Hansen et
al., 2015; Pajunoja et al., 2015; Hodas et al., 2016) and field measurements (Cerully
et al., 2011; Wu et al., 2013; Bougiatioti et al., 2016) conducted on SOA or mixed
organic—inorganic particles (Hodas et al., 2016) have indicated that xcr and xccn can
vary substantially and that the xccn was usually higher than the xce. On the other hand,
in some studies, closure between xcen and xcr was achieved within experimental
uncertainty under certain conditions (Duplissy et al., 2008; Juranyi et al., 2009; Good
et al., 2010b; Dusek et al., 2011). Hence, several studies have discussed the observed
discrepancy in behavior (Prenni et al., 2007; Petters et al., 2009c; Wex et al., 2009;

Good et al., 2010a; Good et al., 2010b; Poulain et al., 2010; Rastak et al., 2017). The
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discrepancies have been attributed to a combination of several effects, including the
gradual dissolution of sparingly soluble compounds at high RH, highly non-ideal
solution behavior, measurement uncertainties related to HTDMA operation and the
surface tension effect (Petters and Kreidenweis, 2013). However, although Rastak et
al. (2017) offered plausible explanations that were supported by thermodynamic
computations, including the effects of limited organic water solubility and liquid—liquid
phase separation and transitions at high RH, the causes have not yet been fully

resolved experimentally.

While y-terpinene is considered one of the most dominant monoterpenes and is
measured in significant quantities in biogenic sources (Geron et al., 2000; Esquivel-
Hernandez et al., 2011; Igbal et al., 2014), little is known about its SOA ozonolysis
formation and properties. y-terpinene is a monocyclic monoterpene with two
substituted endocyclic C=C double bonds, which make it more reactive toward ozone,
with a rate constant of 2.1x101% cm® molecule s (Fayad et al., 2020). y-terpinene
has been commonly detected in emissions from several tree species (Geron et al.,
2000) and essential oils (Geron et al., 2000; Igbal et al., 2014). Nineteen percent of y-
terpinene emissions have been shown to come from Sequoia sempervirens and 11%
have come from Umbellularia californica (Geron et al., 2000). Biogenic hydrocarbon
measurements in a tropical forest in Costa Rica indicated significant emissions of y-
terpinene up to 1.5 ppbv in October, which is higher than that of d-limonene (1.3 ppbv),
3-carene (1.1 ppbv) or B-pinene (0.4 ppbv) (Esquivel-Hernandez et al., 2011). To date,
only a few studies have examined the ozonolysis of y-terpinene (Lee et al., 2006; Fayad
etal., 2020; Xu et al., 2020), indicating that y-terpinene may be an important contributor
to biogenic SOA (Xu et al., 2020; Fayad et al., 2021a). The mechanisms of oxidation

of y-terpinene by Os lead to several gas-phase unsaturated first-generation
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multifunctional products (Lee et al., 2006; Fayad et al., 2020; Xu et al., 2020) that can
further react with ozone to form highly oxidized products, which may affect the SOA
yields and properties (especially the O:C values) compared to monoterpenes
containing only one double bond, such as a-pinene. Compared to that in limonene,
which also contains two double bonds (one endocyclic and one exocyclic), the second
endocyclic double bond in y-terpinene may cause the dissociation of the carbon
skeleton (Xu et al., 2020). Therefore, compared to limonene ozonolysis, a greater
number of smaller molecular compounds may be produced during y-terpinene
ozonolysis, which may affect the SOA patrticle properties, including their hygroscopic
properties (Xu et al., 2020). Despite significant emissions of y-terpinene and its high
reactivity toward ozone, to the best of our knowledge, the hygroscopic properties and
the CCN activity of SOA particles produced during y-terpinene ozonolysis have not
been studied in the literature. We know only one study in which the hygroscopic growth
of SOA patrticles produced from the photooxidation of y-terpinene in the presence of
(NH4)2S0O4 seed particles under subsaturated conditions (RH < 85%) was investigated
(Varutbangkul et al., 2006), and it was reported that the generated SOA particles were

slightly hygroscopic based on the growth factors measured at 85% RH.

Given the apparent inconsistency between the hygroscopic properties of
different monoterpene oxidation under sub- and supersaturated conditions reported in
the literature, we believe that there is a need to study the hygroscopicity of SOA
particles produced during y-terpinene ozonolysis. In this study, we investigated the
hygroscopicity of SOA particles produced during dark ozonolysis of y-terpinene under
sub- and supersaturated regimes. The experiments were conducted under different

experimental conditions in the atmospheric simulation chamber CHARME (Chamber

10
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for the Atmospheric Reactivity and the Metrology of the Environment) of the LPCA

laboratory. The objectives of the present work are to:

i) determine the hygroscopic particle diameter growth and derive the related GF and
apparent xcr parameter of the SOA patrticles formed from y-terpinene ozonolysis
in the absence and presence of anthropogenic VOC 1,3,5-trimethylbenzene
(TMB), the OH scavenger cyclohexane (CHEX), and (NH4)2SO4 seed particles.
Specifically, we report the time series of the aerosol growth factors of each
experiment.

i) measure the CCN activation properties and derive the xccn value for a subset of

the studied aerosols.

The obtained hygroscopic water uptake under sub- and super-saturated
conditions expressed as the xcr and xccn values were compared with the results
reported in previous monoterpene ozonolysis studies. The closure between the x
determined at sub- and super-saturated conditions was investigated. To the best of
our knowledge, the present study is the first to report the water uptake of SOA particles

formed from y-terpinene ozonolysis under sub- and super-saturated regimes.

2. Experimental setup, instrumentation and protocol
2.1. Chamber description, experimental conditions and methodology
The experiments were carried out in the 9.2 m® electropolished stainless steel
chamber CHARME (Fig. S1). Details about CHARME have been provided in previous
studies (Fayad, 2019; Fayad et al., 2020; Meng et al., 2020). All chamber experiments
were carried out at a RH < 2% and room temperature T = 296 + 2 K. SOA particles

were formed via gas-phase dark ozonolysis of y-terpinene (97%, Sigma—Aldrich) (1) in

11
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the presence or absence of CHEX (98%, Sigma—Aldrich) as an OH scavenger; (2)
TMB (98%, Sigma—Aldrich) as an anthropogenic SOA precursor; and (3) (NH4)2SO04
seed particles (= 99%, Sigma—Aldrich) as inorganic component present in atmospheric
particles. An overview of the conditions in all experiments is given in Table 1. In a
typical experiment, a known amount of organic compound (y-terpinene, CHEX and
TMB) was directly injected with purified air as the carrier gas into the chamber under a
primary vacuum (residual pressure < 5 mbar). Then, the chamber was filled with
purified air (Parker Zander KA-MT 1-8 generator) until the pressure exceeded the
atmospheric pressure by 10-15 mbar to avoid ambient contamination. The mixture
was allowed to equilibrate for 30 min, resulting in a stable precursor concentration, as
determined by proton transfer reaction—time-of-flight—-mass spectrometry (PTR—ToF—
MS lonicon 1000, Analytic GmbH, Austria). First, two types of experiments were carried
out, where the initial concentration of y-terpinene was varied between low (8-16 ppbv)
and high (150-402 ppbv) concentrations (see Table 1). To study the influence of
anthropogenic VOCs on SOA hygroscopicity, 5 experiments with y-terpinene and TMB
(Exp #13-16, Table 1) were carried out at a constant molar ratio (1:3) of y-terpinene:
TMB to accommodate a rate constant ratio, KoH+y-terpinene/Kon+tme, Of ~3. In some
experiments, the OH radicals produced during the ozonolysis reaction were scavenged
by CHEX (Exp #17-20). The amount of injected cyclohexane was enabled 99% of the
produced OH radicals to react with CHEX. In three experiments (Exp #20-23),
(NH4)2S04 seed particles were used to induce the condensation of low-volatile reaction
products onto the particles. Dry seed particles were injected into the chamber using a
constant output atomizer (TSI, Model 3076) from an aqueous solution of (NH4)2SO4
(0.015 M, during 4 min with an air flow rate of 2.2 L mint), followed by a silica gel

diffusion dryer. The particle number concentration in the chamber was ~ 1.5 x 104 cm-
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3 with an initial dry size-distribution mode diameter of ~ 55—60 nm (cgeo = 1.6—-1.7). The
coagulation rates of aerosol particles are generally low at these concentration levels
(Hussein et al., 2009; Rim et al., 2012; Yu et al., 2013). No new particle formations
were observed (see Figure S3b; Table 1), and the measured particle diameters were
larger than those of the initial seed patrticles, indicating that they existed in an internal
mixed state. In all seeded SOA experiments, the condensation process rate becomes
equal to the wall loss after 100—120 min. The general approach with polydisperse seed
particles leads to mixed sizes of seed species and gives greater uncertainty in
determining SOA coating thickness with respect to seed patrticles (Meyer et al., 2009a).
Ozone was added to initialize the oxidation of y-terpinene in an excess ozone regime
using a UV lamp ozone generator (Air Tree Ozone Technology, Model C-L010-DTI).
Purified air or pure oxygen gas (>99%) was used depending on the required ozone
concentration. The ozone concentration, RH, and temperature were continuously
monitored in the chamber throughout the experiments by an ozone monitor (UV
photometric, Thermo Scientific 49i) and VAISALA HUMICAP HMT330 sensors. The
pressure inside the chamber was controlled by MK Baratron capacitance gauges. The
particle mobility size distribution over the size range of 14.6-661.2 nm was
characterized with a scanning mobility particle sizer (SMPS, DMA Model 3081, CPC
Model 3775, TSI, USA). The SMPS was operated at a fixed sample flow rate of 0.3 L
min-t. The sheath:sample flow ratio was fixed at 10:1. For seeded SOA patrticles, the
organic volume fraction (eorg), defined as the relative organic volume with respect to
the total particle volume, was estimated. Using the volume concentration of ammonium
sulfate seed particles and the total particle volume measured after ~1 hour, gorg values
of 0.34 and 0.67 were estimated for the seeding experiments at 16 ppbv and 26 ppbv

of the initial concentration of y-terpinene, respectively.
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2.2. Particle hygroscopic growth measurements (HTDMA)

A hygroscopic tandem differential mobility analyzer (HTDMA; custom-made at
Institute of Chemical Process Fundamentals of the Czech of Academy of Sciences)
(Fig. S2) was used to measure online the hygroscopic properties of produced particles.
The HTDMA setup and measurement principles have been described in detalil
elsewhere (Bouzidi et al., 2020; Asadzadeh et al., 2021). Briefly, the polydisperse
particles in the chamber were quickly dried to < 5% RH using a silica gel diffusion dryer
coupled to a Nafion gas dryer (Perma Pure Inc., USA). The dry polydisperse particles
were charged with a RX-soft neutralizer and transformed into quasi monodisperse
particles by the 15t DMA (DMA 1). Due to the temporal evolution of the size-distribution
of the y-terpinene-SOA patrticles, the dry selected diameter obtained by DMA 1 (Do, dry)
= 50-180 + 1 nm) gradually increased over time according to the evolution of the size
distribution. The size-selected dry particles, Do, ary), were then exposed to a given RH
(20 — ~93%) with a residence time of ~11 s in the humidification section of the HTDMA,
which consisted of a Nafion membrane tube (Perma Pure Inc., USA). The particle
number size distribution (40—350 nm) of the resulting wet particles was measured by
the second DMA (DMA 2) operated with a CPC (TSI Model 3022A, USA), which was
used as the particle detection system. HTDMA data were saved only when the
difference in the absolute values between the RH of the aerosol flow (RH4) and sheath
flow (RH3) was < 2% (see Fig. S1). The particle’s hygroscopicity, expressed by the
mobility diameter hygroscopic growth factor (GF) at a given RH (20-93%), was

compared to the particle dry size D(o, dry) as follows:

D(RH, DMA 2)
=D RH<2%DMAL X (1)
(o, Dry)( < 2%, )

GF
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where D(RH, DMA 2) and Do, dry) (RH < 2%, DMA 1) are the mobility diameters of the
particle at a given RH (measured by DMA 2) and under the dry conditions of RH < 2%
(measured by DMA 1), respectively. y is the shape correction factor used to convert
the mobility diameter (D) into a volume equivalent diameter (dve) (Gysel et al., 2002).
For near-spherical particles, D is equal to dve (y = 1). At high RH, patrticles are usually
spherical and compact; hence, dve and D(RH, DMA 2) are equal, and no shape
correction is needed (Gysel et al., 2004). However, dry particles may have irregular
shapes; therefore, the measured Do, ay) must be shape-corrected to obtain dve (Gysel
et al., 2002). These irregularities in the dry particles can cause a discrepancy between
the measured mobility diameters, Do, dy) and dve, and may bias the measured GFs
(Boreddy et al., 2014). Theoretically, the growth factors have to be adjusted by
correction factors to account for an overestimation of the experimental dry diameter
(Gysel et al., 2004). For example, a correction factor of 1.08 has been determined for

cubic dry NaCl particles with a mobility diameter of 100 nm (Gysel et al., 2002).

The raw data were inverted using the TDMAInv algorithm developed by (Gysel
et al., 2009). Hereafter, the measured GFs refer to the mean of the growth factor-
probability density function (GF-PDF). During the ozonolysis of y-terpinene, the RH of
the humidification section and the second DMA was set to a constant RH in the range
of 87-93% for measuring the GF at 90% RH. For some experiments (Exps #1, 7, 13,
14, 15, 16, 20, 21, 22, and 23), as the particle nucleation stopped and the mass of the
particles reached the maximum value, the RH of the humidification section varied from
93% to ~20%, and the GFs were then plotted against the water activity aw (bulk
equilibrium RH) to obtain a humidogram (GFs vs. aw). Assuming that the particles were
in equilibrium with their humidified environment, S = RH/100 was converted to aw by

removing the Kelvin effect according to Eq. 6, Section 3 (Dawson et al., 2016).

15



335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

The performance of the HTDMA was validated and regularly checked via the
atomization of an aqueous (NH4)2SOs4 solution (0.5 g L?) and then by drying the
droplets using silica-gel diffusion dryers. A deliquescence relative humidity point (DRH)
of 80 £ 1% RH and an average GF of 1.49 were measured for the ammonium sulfate
particles (100 nm), in good agreement with the thermodynamic model AIOMFAC
(Zuend et al., 2008). GF uncertainties in our experiments were mainly caused by RH
and were estimated to be less than 3.5%, 2.5% and < 1.5% for 93%, 90% and < 80%

RH, respectively.

2.3. CCN measurements

A continuous flow CCN counter (CCNc, DMT-100 Droplet Measurement
Technologies, USA) was used to characterize the CCN activity of the produced SOA
by measuring the size-resolved CCN activity of monodisperse aerosol particles. In this
case, the CCN activity measurements were performed by coupling a differential
mobility analyzer (DMA, 3081, TSI, USA) with the CCNc and CPC (Model 3775, TSI
USA) (Roberts and Nenes, 2005; Rose et al., 2008; Moore et al., 2010). This method
had been successfully used in several previous studies (Asa-Awuku et al., 2008;
Duplissy et al., 2008; Engelhart et al., 2008; Moore et al., 2010; Zhao et al., 2015; Zhao
et al.,, 2016). The polydisperse particles were neutralized by a soft X-Ray source
neutralizer (TSI, 3077) and then transformed into monodisperse SOA particles with a
size range of 60—120 nm by the DMA (operated at a fixed 0.8 L min-! aerosol flow rate
with a sheath-to-aerosol flow rate of 10). The classified aerosols were split between
the CCNc and the CPC, and then, the concentrations of the cloud condensation nuclei
(from the CCNc; CCN) and of the seeding aerosol particles (from the CPC; CN) were

simultaneously measured. The flow rate of the CCNc was 0.5 L min! with a sheath-to-
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sample flow rate of 10. The residence time in the CCNc column was approximately 18
S. The supersaturation (SS (%)) was calibrated by using dry (NH4)2SOa4 particles. The
activated fraction AF ratio (CCN/CN) was plotted versus the SS (%) in the range of
0.1-1% to determine the CCN activation curve. Previous studies have shown that the
behavior of AF-SS spectra strongly depends on the aerosol size distribution (Abdul-
Razzak and Ghan, 2000; Snider et al., 2006) and the «distribution (Cerully et al., 2011,
Su et al. 2010). For example, the AF-SS curves of the 80 nm SOA particles in Exp. 10
(Figure S5b) showed the typically observed distribution produced by double charged
particles. To estimate the hygroscopicity x of the studied aerosol particles, the
experimental CCN spectra are fitted with a modified x~~-K6hler model (Eq. 8; Section 3),

taking into account both the size distribution and the « distribution.
3. Data analysis

The saturation ratio, S, over an aqueous solution droplet can be described by

the Kohler theory (Petters and Kreidenweis, 2007):

RH 4M,, o, /a> o

S = 100% = awexp<m
where aw is the mole fraction-based water activity; os/a is the surface tension of the
solution/air interface, which is often assumed to be equal to that of water (0.072 J m"
2); pw and Mw are the density and molar mass of water, respectively; Dy is the wet
particle diameter relative to the growth factor, i.e., Dp = Ddry X GF, where Dqry is the dry
particle diameter and R and T are the universal gas constant and absolute
temperature, respectively. As detailed in the introduction, Petters and Kreidenweis
(2007) proposed a single-parameter expression for hygroscopicity and CCN activity

defined through its effect on the water activity of the solution:
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a, - K Vw. (3)
where Vs and Vy, are the volumes of dry particulate matter and water, respectively.

Assuming volume additivity, and combining Eq. (2) with Eqg. (3), an equation defining

the “xk-Kdhler theory” is written as (Petters and Kreidenweis, 2007):

S =

Dij’ - Dc%ry Xp (4Mwas/a>
D3 - D3, (1—K) RTp,D, )

4)

This equation can be used to predict the water uptake in the subsaturated (S < 1)
regime, as well as the conditions for cloud droplet activation. x ~ 1.4 is the upper limit
for many hygroscopic species typically found in atmospheric aerosols (e.g., NaCl),
whereas x ~ 0 is expected for non-hygroscopic particles (Petters and Kreidenweis,

2007). x can be estimated from the pairs of GF and RH values provided by the HTDMA

under the subsaturated condition (xeF) by rearranging Eq. (4) as follows:

_(GF*-1)(1-a,)

Kgr = a, (5)

when aw is computed from RH via the following:
a,, = RH /exp <%) (6)
The x parameter that is determined from GF values at a aw of 85% or 90% can
be used to estimate the CCN activity of the particles (Petters and Kreidenweis, 2007).
For continuous water uptake systems measured by a HTDMA, according to Dick et al.
(2000) and Kreidenweis et al. (2005), HTDMA GF values can be parameterized in

terms of water activity using a three-parameter curve fit defined as:

1—q,1

GF=|14+(a+b-a,+c-a?)

(7)

w
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where a, b and c are three adjustable coefficients that are determined by fitting the
measured GF data obtained at different RH levels to an expression in aw. The
coefficient values for the experiments that exhibited continuous water uptake are given

in Table S1.

To estimate x from activated fraction-supersaturation (AF-SS) CCN
measurements, both the studied aerosol size distribution and the distribution of xwere
fitted to the CCN spectra, which could be described by a modified x-Kohler model (Wu

et al., 2020):

(11 Ind,(k,SS) — Nty mode — M? 0 geo
E (SS =Z ———er P P 2.9 K)AK

k=0
where u,moq. @and o, 4., are the mode and the geometrical standard deviation of the
aerosol size distribution, respectively. p(x) is the probability density function of x, which

is also described with a lognormal distribution (Wu et al., 2020):

1 [an—ln ﬂx,mode_lnz O'lc,geo]2
2in? oy, geo (9)

(x) = e
P Klnoygeo V2T

- where py moqe and o, 4., are the mode and the geometrical standard deviation of «,
respectively. e moqe @aNd 0y 4¢, are the output parameters when the CCN spectra
are fitted by the modified model. The uncertainty in xccn is derived from p(x) curve
fitting and its mean value of the half wave (MVHW) and is approximately 20% of the
globally measured values.

For (NH4)2SO4 (AS) SOA seed particles, the overall value of xccen for the
aerosols of a given mobility diameter (dm) was estimated by using the following simple
equation, in which the volume-weighted fractions of all participating species were used

(Petters and Kreidenweis, 2007):
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Kcen = EasKas T EorgKorg (10)
where &as and sorg are the volume fractions of the (NH4)2SO4 and organic species,
respectively. Here, xas and xorg are the single parameters of x for the ammonium

sulfate and organic species, respectively.

4. Results and discussion

4.1 Hygroscopic growth factor measurements at subsaturated conditions

This section presents the results of a series of laboratory experiments performed
to investigate the hygroscopic growth factors of SOA particles produced during the
dark ozonolysis of y-terpinene in the presence or absence of 1,3,5-trimethylbenzene,
cyclohexane, or (NH4)2SO4 seed particles. Figure 1 shows the time series of the
measured GFs at a bulk equilibrium RH of 90% (equivalent to water activity aw after
Kelvin effect correction using the surface tension of pure water (~0.072 J m? at 298
K)) for SOA produced from (a) ozonolysis of y-terpinene (Exp #1-12, Table 1), (b)
ozonolysis of y-terpinene in the presence of TMB (Exp #13-16, Table 1) and (c)
ozonolysis of y-terpinene in the presence of CHEX (Exp #17-20, Table 1). The
ozonolysis reaction was initiated at t = 0. For experiments at low (8 and 16 ppbv) and
high (= 150 ppbv) initial precursor mixing ratios, the GFs were measured at 18 min and

< 2 min after the start of the reactions, respectively.

20



Aa Dark ozonoly5|s (a)| ® Exp#4,[yterpinene] =8 ppbv; [03] = 58 ppbv
112 A Exp #5, [y-terpinene] = 8 ppbv ; [O3] = 53 ppbv
_ A l“.f..‘;.‘ P #5 [terpinene] =8 ppbv ; [O3] = 53 pp
2110 * Exp #6, [y-terpinene] = 16 ppbv ; [03] = 33 ppbv
[=4 = Exp #7, [;-terpinene] = 16 ppbv ; [O3] = 48 ppbv
® Exp #8, [y-terpinene] = 16 ppbv ; [03] = 42 ppbv
© Exp#9, [-terpinene] = 16 ppbv ; [03] = 45 ppbv
¢ Exp #12, [y-terpinene] = 16 ppbv ; [03] = 52 ppbv
© Exp #3, [y-terpinene] = 150 ppbv ; [O3] = 1243 ppbv
A Exp #10, [y-terpinene] = 154 ppbv ; [O3] = 1982 ppbv
1.00 , . . r . o Exp #1, [y-terpinene] = 158 ppbv ; [O3] = 1229 ppbv
50 100 150 200 250 | o Exp 11, [y-terpinene] = 320 ppbv ; [O3] = 2193 ppbv
Time (min) ©  Exp #2, [;-terpinene] = 402 ppbv ; [03] = 1156 ppbv
1.14
In the presence of TMB (b)| ® Exp#13, [y-terpinene] = 16 ppbv ; [TMB] = 50 ppbv ; [O;] = 50 ppbv
1.124 .. ° ° A Exp #14, [y-terpinene] = 48 ppbv ; [TMB] = 150 ppbv ; [0,] = 510 ppbv
;\?1_10_ L4 o® . s O Exp #16, [y-terpinene] = 110 ppbv ; [TMB] = 334 ppbv ; [0;] = 500 ppbv
g A‘“ A{ %e ® o Exp # 15, [y-terpinene] = 154 ppbv ; [TMB] = 450 ppbv ; [O5] = 1240 ppbv
1 1.08 1 A ® 5‘ . [T
1064,
x @0 Qo
W 104] “oPa0 ot
(&)
1.02
1.00 r T r r
0 50 100 150 200 250
Time (min)
1.08
In the presence of cyclohexane )] * Exp #19, [y-terpinene] = 16 ppbv ; [CHEX] = 7243 ppbv ; [0,] = 53 ppbv
A Exp #20, [y-terpinene] = 154 ppbv ; [CHEX] = 76000 ppbv ; [O;] = 1208 ppbv
$271.061 © Exp #18, [y-terpinene] = 404 ppbv ; [CHEX] = 84000 ppbv ; [O;] = 1204 ppbv
o e ® ° o Exp #17, [y-terpinene] = 410 ppbv ; [CHEX] = 84000 ppbv ; [Q,] = 1245 ppbv
» . %® o ®
1] [ 2 ] [ ]
1.04 4
E .
~ RO D BN AAG, (b a4 Dty
L b oy L g S N
G 1.02] aft ¥
1.00 T T r r
0 50 100 150 200 250
Time (min)

Figure 1. Temporal evolution of the hygroscopic GFs at bulk RH (aw) = 90% and T

=296 = 0.2 for SOA produced from dark ozonolysis of y-terpinene measured (a) at

low (8, 16 ppbv) and high (150 — ~400 ppbv) initial concentrations, (b) low (16, 48

ppbv) and high (110, 154 ppbv) initial precursor concentrations in the presence of

TMB, and (c) low (16 ppbv) and high (154 — ~400 ppbv) initial precursor

concentrations in the presence of CHEX. The initial mixing ratios of ozone, TMB, and

CHEX of each experiment are shown in the legend. Solid and open symbols

represent the measured GFs (RH = 90%) for SOA produced from the low and high

initial concentrations of y-terpinene. The data are based on 50-180 nm classified dry

diameters (see Table 1).
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For all experiments, the hygroscopicity of SOA produced during the dark
ozonolysis of y-terpinene (Exp #1-12; Figure 1a) in the presence of TMB (Exp #13—
16; Figure 1b) and CHEX (Exp #17-20; Figure 1c) at low and high initial y-terpinene
concentrations and different initial concentrations of ozone showed a narrow range of
GFs. The results shown in Figure 1 illustrate that the GF values were slightly
dependent on the initial concentrations of the precursors and ozone. GFs of ~1.050—
1.120 (Figure la) and ~1.053-1.110 (Figure 1b) at a aw value of 90%, which
corresponded to a xcr of ~0.014-0.040 and xcr of ~0.015-0.041, respectively, were
measured for the SOA produced during dark ozonolysis of y-terpinene and in the
presence of TMB, respectively. The experiments in the presence of CHEX as an OH
scavenger (Exp #17-20; Figure 1c) showed the lowest water uptake at an aw of 90%
with measured GFs of ~1.024-1.048, corresponding to a xcr of ~0.008—-0.016. These
findings were consistent with the findings of Wex et al. (2009) and Yuan et al. (2017),
in which the addition of butanol as an OH scavenger decreased the hygroscopicity of
the SOA generated from the ozonolysis of monoterpenes. The addition of an OH-
radical scavenger has been shown to affect the [HO2]/[ROz2] ratio and the fate of RO2
radicals, which could influence the SOA chemical composition and properties (Wex et
al., 2009; Henry and Donahue, 2011; Ahmad et al., 2017). As shown in Figure 1, the
water uptake of the studied particles under the varying reaction conditions did not show
an apparent temporal variation in the GFs of all dry sizes, as previously reported
(Saathoff et al., 2003; Baltensperger et al., 2005; Varutbangkul et al., 2006). This
finding is consistent with that of other monoterpene ozonolysis studies (Prenni et al.,
2007; Denjean et al., 2015). Therefore, an average GF was calculated for each
experiment, and the results are summarized in Table 1. Note that to analyze the

potential dependence of the measured GFs on patrticle size, in some experiments, two
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or three dry diameters were selected for the HTDMA measurements. However, no
significant difference was observed, suggesting that the measured GF at a aw value of

90% and the derived xcr were relatively insensitive to the selected particle size.

The measured GFs of the unseeded SOA (GFs ~1.05-1.12) were consistent
with the previously obtained measurements of a-pinene + O3z SOA, which were 1.07
0.01 at 84% RH (Virkkula et al., 1999), 1.07 = 0.02 at 85% RH (Prenni et al., 2007),
1.04 at 90% RH (Denjean et al., 2015), and a GF < 1.05 at a RH of < 98% (Wex et al.,
2009). The measured xcr values (xer ~0.014-0.040) were in line with the reported
values of « (0.026) at a RH of 99.2-99.9% for a-pinene SOA obtained in seed-free
experiments (Ruehl et al., 2012). Note that our measurements were slightly lower than
the uniqgue measurements reported in the literature for the OH-initiated photooxidation
of y-terpinene in the presence of (NH4)2SO4, which had a reported GF of 1.05 at 85%
RH (Varutbangkul et al., 2006). This difference was likely due to the different
experimental conditions used in the two studies, which may have affected the chemical

composition of the resulting SOA.

As shown in Table 1, the average GFs indicated that the initial concentration of
the precursors and the oxidation conditions affected the hygroscopic properties of the
SOA produced in this study. To better characterize the effects of the initial
concentrations on the observed water uptake of the SOA, the average of the measured
GFs was related to the initial O3 concentration, and the [TMB]/[y-terpinene], [CHEX]/[y-
terpinene] and [CHEX]/[O3] ratios, as illustrated in Figures 2-4. Figures 2a and 2b show
the average of the measured GFs and the SOA mass loading, respectively, versus
those of the initial concentration of Os (Exp #1-12). The measured GFs clearly

appeared to be mass loading-dependent. All the SOA particles produced from low
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initial y-terpinene and O3 concentrations (i.e., low SOA mass loading) showed higher
water uptake compared to those in the experiments with higher initial precursor
concentrations (higher SOA mass loading). For example, at the lowest mass loading
(0.27 ug m3; Exp #5, Table 1), we measured the greatest GF of 1.110 + 0.020, which
corresponded to a xcr of 0.040 + 0.004. A similar observation has been reported for
several chamber studies (Duplissy et al., 2008; Shilling et al., 2009; Tritscher et al.,
2011). Shilling et al. (2009) showed that the aerosol composition of SOA produced
from the ozonolysis of a-pinene and the corresponding physical properties were
dependent on the total organic mass loading. They indicated that the molecules
partitioning into the particle phase at lower mass loadings were more oxygenated than
those partitioning at higher loadings, as might be expected on the basis of the
structure-activity relationship of vapor pressure for organic molecules (Pankow and
Asher, 2008). Duplissy et al. (2008) and Massoli et al. (2010) found that the increase
in the water uptake of the SOA produced from the photooxidation of a-pinene at low
SOA mass loading was caused by an increase in the oxygen content of components
in the particles (i.e., enhanced atomic O:C ratio). Tritscher et al. (2011) found that
higher volatility and lower hygroscopicity were generally observed in experiments with
high SOA particle masses, consistent with the expected behavior of gas—particle
partitioning as a function of precursor loading (Donahue et al., 2009; Zuend and

Seinfeld, 2012).
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Figure 2: Dependence of the hygroscopic growth factor on the SOA mass loading

for SOA produced during the dark ozonolysis of y-terpinene (Exp #1-12). (a) The

hygroscopic GFs at bulk RH (aw) = 90% versus the initial concentration of ozone, (b)

y-terpinene SOA mass loading versus the initial concentration of ozone. The SOA

mass loading shown in (b) was measured on the basis of SMPS volume

measurements with psoa = 1.
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Figure 3: Dependence of the hygroscopic growth factor on the SOA mass loading
for SOA produced during the dark ozonolysis of y-terpinene in the presence of TMB
(Exp #13-16). (a) The hygroscopic GFs at bulk RH (aw) = 90% versus the [TMB]/[y-
terpinene] ratio and (b) mixed y-terpinene-TMB SOA mass loading versus [TMB]/[y-

terpinene] ratio. The SOA mass loading shown in (b) was measured on the basis of

the SMPS volume measurements with psoa = 1.
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Figure 3 shows the strong dependencies of GF and SOA mass loading on the
[TMB]/[y-terpinene] ratio. A decrease in the SOA mass loading (Figure 3b) led to an
increase in the y-terpinene-SOA water uptake (Figure 3a). For comparison, the highest
mass loading obtained in Exp #15 (506 pg m=3) from the ozonolysis of 158 ppbv of y-
terpinene in the presence of 450 and 1240 ppbv of TMB and ozone, respectively,
showed the lowest GF (1.045 + 0.015). The results from two experiments, #16 and
#14, in which the same ozone level (~500 ppbv) was used but the initial concentrations
of y-terpinene and TMB differed, clearly illustrated the effect of the initial concentrations
of the precursors on the water uptake of the generated SOA. As shown in Figure 3, a
decrease in [y-terpinene] from 110 to 48 ppbv increased the GF from 1.053 £ 0.012 to
1.086 + 0.017. In addition, the comparison between Exp #13 and Exp #14 showed that
the decrease in the initial concentration of y-terpinene or ozone led to enhanced SOA
water uptake. The obtained results showed that the decrease in both initial precursor
concentrations and ozone led to a decrease in the SOA mass concentrations and a
significant increase in the water uptake. This outcome was attributed to volatile and
less-oxygenated vapor condensing at high mass concentrations, thus lowering the

measured GFs (Tritscher et al., 2011).
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Figure 4: Dependence of the hygroscopic growth factor on the SOA mass loading

for SOA produced during the dark ozonolysis of y-terpinene in the presence of

cyclohexane (CHEX) (Exp #17-20). (a) and (c) The hygroscopic GFs at bulk RH (aw)

= 90% versus the [CHEX]/[y-terpinene] and [CHEX]/[O3] ratios, respectively; (b) and

(d) y-terpinene SOA mass loading versus the [CHEX]/[y-terpinene] and [CHEX]/[O3]

ratios, respectively. The SOA mass loadings shown in (b) and (d) were measured

on the basis of the SMPS volume measurements with psoa = 1.
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Figure 4 illustrates the water uptake and the SOA mass concentrations for the
SOA produced in the presence of cyclohexane. The GFs were split into two groups of
low and high mass loading relative to the [CHEX]/[y-terpinene] and [CHEX]/[Os3] ratios.
The highest GF value (Exp #19; Figures 4a, 4c) was correlated to the lowest SOA
mass loading (Fig. 4b, 4d). An increase in GF was observed when the initial
concentration of y-terpinene was decreased (thus increasing the [CHEX]/[y-terpinene]
ratio; Figure 4a) or when ozone was decreased (thus increasing the [CHEX]/[O3] ratio;

Figure 4c).

Based on the above analysis of Figures 2—4, it appears that the measured GFs
were dependent on the initial concentrations of the precursors and ozone, which may
have affected the O:C ratio of the formed SOA. Factors that influence the SOA O:C
ratio include mass loading, oxidant exposure, and peroxy radical fate (Lambe et al.,
2015; Xavier et al., 2019; Afreh et al., 2021). The oxidation of y-terpinene and TMB by
ozone and OH radicals produce peroxy radicals (ROz), which may then undergo two
types of reactions: autoxidation to generate highly oxygenated organic molecules
(HOMSs) with multiple oxygen-containing functional groups and bimolecular RO2-RO2
or RO2-HO: radical reactions (Xavier et al., 2019; Schervish and Donahue, 2020;
Schervish and Donahue, 2021). RO:2 radicals ultimately terminate into molecular
products depending on whether they derive from the first generation RO2 (without
additional -OOH functional), autoxidation, or RO2 dimerization (Schervish and
Donahue, 2020), which affects the O:C ratio of the aerosol particles. It is known that
the lifetime of ROz formed through the oxidation of VOCs, and thus its fate, is a key
determinant of the reaction mechanism and the chemical composition of the SOA
(Pagonis et al., 2019). The RO:2 autoxidation pathway, which competes with

bimolecular termination reactions, is highly dependent on the conditions of the
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experiment, including both the absolute radical concentrations and the radical ratios
(Schervish and Donahue, 2021). For example, in an area that exhibits longer ROz
lifetimes, such as remote areas, autoxidation, which produces HOMs, is expected to
be more prevalent than bimolecular reactions (Zhao et al., 2021). At low Initial
precursor and/or ozone concentrations, the contribution of HOMs formation from the
ROz autoxidation is expected to be more important, since the lifetime of ROz is
sufficiently long for autoxidation to compete with bimolecular reactions (Xavier et al.,
2019; Schervish and Donahue, 2020). This non-negligible contribution of HOMs
(monomers and dimers) to the particle phase would increase the SOA O:C ratio and
thus enhance the water uptake of the generated particles. Whereas, the prevalence of
the RO2-RO:2 radical termination of the first-generation ROz (less oxidized) will increase
with VOC loading (specifically with the rate of VOC oxidation) (Bianchi et al., 2019),
leading to higher concentrations of more volatile compounds. Chemical
characterization of the SOA produced during dark ozonolysis of y-terpinene at high and
low initial precursor concentrations with a time-of-flight aerosol mass spectrometer

(ToF-AMS) is needed for future clarification of these phenomena.
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576 Table 1: Summary of all experimental results and conditions for the SOA experiments

Exp [y-terpinene] [Os] [CHEX] [TMB] Seeds Number Mass GF (90%) (Dary) Kor Kcen Comments

# (Ppby) (ppb)  (PPb)  (pPD) (#lcm®) Conc. Conc.
(#em?)  (ug/m?)

Dark ozonolysis

1 158 1229 - - - 1.2 x10° 358 1.050 (100-140 nm) 0.017 No CCN
2 402 1156 - - - 1.0 x107 433 1.045 (100-180 nm) 0.015 No CCN
3 150 1243 - - - 9.3 x10° 298 1.049 (100-140 nm) 0.017 No CCN
4 8 58 - - - 3.9 x108 0.35 1.092 (55-60 nm) 0.033 No CCN
5 8 53 - - - 3.7 x10° 0.27 1.110 (50-60 nm) 0.040 No CCN
6 16 33 - - - 7.5 x10° 0.95 1.090 (60 nm) 0.031 No CCN
7 16 48 - - - 1.2 x10* 2.25 1.109 (50-90 nm) 0.040 No CCN
8 16 42 - - - 1.5 x10* 2.64 1.106 (50-90 nm) 0.039 No CCN
9 16 45 - - - 1.5 x10* 1.96 1.088 (57-82 nm) 0.030 No CCN
10 154 1982 - - - 1.1 x10° 400 1.048 (80-150 nm) 0.016 0.219 dm =80 Nnm
0.240  dm =120 nm
11 320 2193 - - - 1.4 x10° 909 1.045 (80-150 nm) 0.015 - No CCN
12 16 52 - - - 1.5 x10* 2.01 1.085 (50-80 nm) 0.029 0.198 dm =60 Nm
0.198 dm =80 Nm
Dark ozonolysis + TMB
13 16 50 - 50 - 1580 0.8 1.112 (66-100 nm) 0.041 - No CCN
14 48 510 - 150 - 1.5 x10° 106 1.086 (80, 150 nm) 0.031 - No CCN
15 158 1240 - 450 - 5.9 x10° 506 1.045 (140 nm) 0.015 - No CCN
16 110 500 - 334 - 1.1 x10° 205 1.053 (150 nm) 0.018 - No CCN
Dark ozonolysis + cyclohexane (CHEX)
17 410 1245 84000 - - 1.2 x107 485 1.027 (150 nm) 0.009 - No CCN
18 404 1204 84000 - - 1.1 x107 457 1.024 (150 nm) 0.008 - No CCN
19 16 53 7243 - - 1.6 x10° 0.52 1.048 (55-70 nm) 0.016 - No CCN
20 154 1208 76000 - - 9.7 x10° 220 1.025 (100 nm) 0.008 - No CCN
Dark Ozonolysis + ammonium sulfate seeds
21 16 52 - - 1.5 x10%2 1.5 x10%2 14.92 1.700 (60-110 nm) @ 0.4402 - DRH~78%
1.5 x10%P - 1.440 (90 nm)® 0.220°® 0.550°  dy =90 nmP®
22 16 47 - - 1.7 x10%2 1.7 x10%2 15.32 1.690 (60-110 nm) 2 0.4302 - No CCN
1.6 x10%P - 1.450 (60, 95 nm)®  0.230° - DRH ~77%"
23 26 54 - - 1.6 x10%2 1.6 x10%2 15.42 1.720 (60-110 nm) @ 0.4602 - No CCN
1.5 x10%® - 1.220(80, 105 nm)®  0.090° - DRH ~76%"
577 - 2 The data are presented for pure ammonium sulfate; ® The data are presented for SOA particles internally mixed with
578 ammonium sulfate seed particles.
579 - Global uncertainty for xer is approximately 10%.
580 - The uncertainty in xccn is derived from p(x) curve fitting and its mean value of the half wave (MVHW) and is globally 20% of
581 the measured values.
582
583
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Humidograms, which show hygroscopic growth curves versus water activity for
SOA produced during the ozonolysis of y-terpinene in the absence and presence of
CHEX and TMB at various particle sizes (Fig. 5; Fig. S4a), indicate that the generated
SOAs were slightly hygroscopic and underwent continuous water uptake with
increasing RH and no visible deliquescence. These humidograms are consistent with
the humidograms of SOA formed by the oxidation of monoterpenes and

sesquiterpenes (Varutbangkul et al., 2006).
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e Exp #7, [y-terpinene] = 16 ppbv ; [O3] = 48 ppbv ; Dgry =95 nm
4  Exp #19, [y-terpinene] = 16 ppbv ; [CHEX] = 7243 ppbv ; [O3] = 53 ppbv ; Ddry =70 nm
Exp #7, Fit (20 - 90 % RH)
Exp #19, Fit (25 - 90 % RH)
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In the absence and the presence of cyclohexane _(a)
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Water activity

e Exp #1, [y-terpinene] = 158 ppbv ; [0,] = 1229 ppbv ; Dgry =100 nm
4 Exp #20, [y-terpinene] = 154 ppbv; [CHEX] = 76000 ppbv ; [O,] = 1208 ppbv ; Ddry =100 nm

Exp #1, Fit (18 - 90 % RH)
Exp #20, Fit {20 - 90 % RH)
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Figure 5: Hygroscopic growth factors for SOA produced from the ozonolysis of y-

terpinene as a function of water activity (a) in the absence and in the presence of

cyclohexane at low initial precursor concentrations (16 ppbv; Exp #7 and 19,

respectively) and (b) in the absence and in the presence of cyclohexane at high initial

precursor concentrations (~158 ppbv; Exp #1 and 20, respectively). The fit of the
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measurements to Eq. (7) is shown and the fitted GF parameterization data are listed
in Table S1.

In the presence of cyclohexane (Fig. 5a, 5b), the hygroscopic growth curves
were slightly lower than those in the absence of CHEX for ~aw > 60%. The hygroscopic
behavior in the RH range of 20 — 93% shown in Figure 5a and Figure S4a might
indicate the expected change in water uptake for low and moderately hygroscopic
organic aerosols, which switch from a water-poor to a water-rich phase at high RH
(near 92% RH) (Gorkowski et al., 2019). This behavior may be a result of the gradual
dissolution of sparingly soluble organic compounds at increasing RH (Rastak et al.,
2017). Figure S4b shows the RH-dependent GFs of seed-SOA particles derived from
y-terpinene at the initial concentrations of 16 ppbv (Exp #21) and 26 ppbv (Exp #23).
At the beginning of the experiments, GF was ~1.720 at 90% RH, which was equal to
the measurement of pure (NH4)2SOa (Figure S3a). After the reaction was initiated, GF
decreased continuously as y-terpinene was consumed, and the oxidation products
were partitioned onto (NH4)2SO4 seed particles continuously until the GF reached a
value of 1.420 for 16 ppbv (Exp #21 and 22; gorg ~0.34) or 1.220 for 26 ppbv (Exp #23;
gorg ~0.67) of the precursor (see Table 1 and Fig. S3a (Sl)). A reasonable hypothesis
for this observation is that the organic oxidation products were less hygroscopic than
(NH4)2S0Oa4. A similar reduction in GF in the presence of (NH4)2SO4 was observed for
the hygroscopicity of SOA produced from different monoterpenes and oxygenated
terpenes (Virkkula et al., 1999; Cocker Ill et al., 2001; Saathoff et al., 2003;
Varutbangkul et al., 2006; Wang et al., 2021). No new particle formation was observed
during the experiments in which SOA was produced from y-terpinene in the presence
of (NH4)2SO4 seed particles (Table 1; Fig. S3b). All experiments showed narrow GF

distributions for each dry size selected in the HTDMA, suggesting that SOA particles
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of the same diameter had similar chemical compositions and hence were internally
mixed. The hygroscopic growth curves of the formed SOA particles showed little to no
water uptake (GF ~1) at low and moderate RH (~73%), but steeply increased patrticle
diameter near full deliquescence at ~ 76% RH (DRH). Slightly more gradual water
uptake was observed with increasing organic mass fraction (Exp #23; [y-terpinene]o =
26 ppbv; eorg ~0.67), indicating that a partial amount of (NH4)2SO4 may have been
dissolved in the mixed organic—inorganic aqueous aerosol solution since organic
compounds can affect the solubility of (NH4)2SO4 (Choi and Chan, 2002; Marcolli et
al., 2004). The DRH of (NH4)2SO4 was slightly shifted by the presence of the secondary
organic material produced during the ozonolysis of y-terpinene. This outcome is in
agreement with several theoretical and experimental studies reporting that the
secondary organic material that is produced from certain biogenic and anthropogenic
precursors affects the DRH transition of (NH4)2SO4 (Meyer et al., 2009b; Bertram et al.,
2011; Smith et al., 2011; Smith et al., 2012; Smith et al., 2013). As expected, both
humidograms showed a reduction in the GFs measured at 90% RH compared to the
pure (NH4)2SO4 particles. The GFs at 90% aw were 1.430 (xer = 0.250 + 0.025) and
1.220 (xer = 0.100 = 0.010) for the mixed system generated at 16 and 26 ppbv,
respectively. These values are respectively 20% and 44% lower than the measured

GFs of pure (NH4)2SO4 (k= 0.61; Petters and Kreidenweis (2007)).

4.2 CCN measurements

Figure 6 illustrates the average CCN activation curves in the absence of
(NH4)2S0:4 for two different electrical mobility diameters (dm) at low SOA mass loading

([y-terpinene]o = 16 ppbv; [Os]o = 52 ppbv; Exp #12; Table 1)) and at high SOA loading
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([y-terpinene]o = 154 ppbv; [Os]o = 1982 ppbv Exp #10; Table 1). Figure 7 shows the
CCN activation curve of the SOA particles that are internally mixed with (NH4)2SO4
(Exp #21, [y-terpinene]o = 16 ppbv; [Os]o = 47 ppbv; €org ~0.34). The data represent the

average of the data obtained from three full scans.

0.20

1.2 - @ x =0.198 [0.152 - 0.262] ()
w 1.0 o ~0.15 i\
< "_I', ~ X
- , e
g 0.8 ‘ : >
N [ = 0.10
=06 : : -E v-terpinene], =16 ppbv
g ! " [y-terpinene], = (6 ppbv B [r-terpipe e]i_ PP
= 04 {17 [+ dm=60nm]| "6 0.05 dm = 60 nm 4
Z 02 i f ol b aF-ssFit | | dr, =80 Nm
; Vi e dmp=80nm
0.0 1-—s—-ees "‘f' .- AF - SS Fit 0.00
00 02 04 06 08 10 1.2 00 01 02 03 04 05 0.6
SS (%) K
1.2 0.20
(c) )
1.0 - T 1 1 [v-terpinene], = 154 ppbv
. FFEE-
W bl S N <015 dn =50 0
<08 ) / = / \ d,, =120 nm
o i ,{' _..5’010 i« = 0.219[[0.166 - 0.287]
N0.6 i = 0 k = 0.240/[0.191 - 0,298]
© : _E' [y-terpinene], = 154 ppbv g
E 0.4 i e d,=80nm | | Bo.05
] —-=- AF - SS Fit =
Z 0.2 !.-:,' = d_=120nnm o j
0.0 _.‘f.' -‘--- AF - s‘s Fit 0.00 —
00 02 04 06 08 1.0 0.0 0.1 0.2 0.3 0.4 05 0.6 0.7 0.8
SS (%) K

Figure 6: Average CCN activation curves recorded for SOA derived from y-terpinene
ozonolysis at [y-terpinene]o = 16 (Exp #12) and 154 ppbv (Exp #10), respectively. (a,
c) CCN activation fraction (AF) as a function of supersaturation (SS (%)). The lines
in Figures (a) and (c) are fitted CCN activated fraction curves considering the
measured size distributions (Section 3). The error bars in Figures (a) and (c)

represent the combined uncertainties calculated from the standard deviations of
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repeated CCN and CN measurements. (b, d) The expression of the single-parameter

hygroscopicity xcen as a probability density function according to Eq. (9).

For CCN measurements at low y-terpinene concentration (16 ppbv) (low SOA
mass loading), dm values of 60 nm and 80 nm were selected to study the influence of
the particle dry size on xcen. The particle production and growth represented by the
typical “banana plot” showed a single nucleation mode that appeared shortly after the
injection of y-terpinene (see Figure S5a), with a peak number concentration of 1.5x104
cm?. The generated particles did not activate at SS of 0.1-0.4% for the first 70 min of
the reaction (< 30 CCN cm3; CN ~ 150 cm3). Therefore, the CCN measurements were
performed at SS of 0.1-1% for a dm of 60 nm and 80 nm. The DMA transfer function
(Figure S5b) showed a negligible double-charge fraction compared to the single-
charge fraction. The red and blue lines in Figure 6b are the fitted curves for the
probability density function p(x) in the form of Eq. (9) at a dm of 60 and 80 nm,
respectively. The identical curves suggest that the xccn is independent from the size
parameter for the SOA generated from 16 ppbv y-terpinene and 52 ppbv ozone. The
p(x) values shown in Figure 6b were calculated from the fitted size-selected activation
fraction (AF) — SS data (Figure 6a). A xccn between 0.152 and 0.262 (average kccn =
0.20) can be inferred from these curves. These results were consistent with xccn
values between 0.14 and 0.23 for a-pinene and mixed monoterpene SOAs, as reported

by Engelhart et al. (2008).

Regarding CCN measurements of particles generated from a high SOA mass
loading ([y-terpinene]o = 154 ppbv, [Os]o = 1982 ppbv; Exp #10; Figures 6¢, 6d), the

nucleation and growth of the produced particles showed a single mode (Figure S6a)
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with a peak number concentration of 1.1x108 that was reached in ~2 min (Table 1). At
a dm of 80 nm, the DMA transfer function (Figure S6b), showed that particles carrying
double and even triple charges were not negligible compared to 120 nm patrticles
(Figure S6c¢). The comparison of the measured average particle probability
distributions shown in Figure 6d suggests that xccn is independent of the particle size
for the produced SOA. Taking into consideration the multimodality of dm, p(x) spans a
range of 0.166-0.287 at 80 nm and 0.191-0.298 at 120 nm, in good agreement with the
average xccn value of 0.20 (0.152-0.262) determined for y-terpinene-SOA produced at

a low initial concentration of 16 ppbv.

From the limited number of CCN measurements, it appears that the initial
precursor concentration and the particle size did not significantly alter the CCN activity
of the SOA. This finding is in agreement with some studies (Prenni et al., 2007,
Duplissy et al., 2008; Engelhart et al., 2008; Juranyi et al., 2009) that indicated the
initial precursor concentrations had no influence on the CCN activity of the resulting
SOA. This conclusion has to be taken with caution since size-dependent xccn values
have been observed (Zhao et al., 2015; Prisle et al., 2019). Prisle et al. (2019)
observed a size-dependent variation in the CCN activity of pollenkitt from olive, poplar,
and ragweed. Zhao et al. (2015) discovered an apparent size-dependent xccn (and
SOA composition) of SOA particles obtained from the photooxidation of various
precursors, such as boreal tree emissions, monoterpenes, and a mixture of a-pinene,
limonene, and toluene. The size-dependence of xccn might indicate a heterogeneous
chemical composition (Winkler et al., 2012; Zhao et al., 2015). For example, Winkler
et al. (2012) observed size-dependent composition changes from smaller to larger-
sized particles, indicating that the Kelvin effect (and perhaps kinetic/diffusion effects
during growth) can play an important role in the growth and composition of biogenic
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nanoparticles. Furthermore, Ovadnevaite et al. (2017) demonstrated that xccn at
critical supersaturation exhibited size dependence not related to a chemical
composition change; e.g., for pure aqueous (NHa4)2SOa4 patrticles, a xcen of 0.589 was
predicted for 50 nm dry diameter particles, while a xccn of 0.633 was predicted for 100
nm dry diameter particles. The y-terpinene-derived SOA in the present study generally
exhibited higher xcen (0.20-0.24) than that of previous studies (0.09-0.23) of SOA
produced from a-pinene, B-pinene, limonene, 3-carene and their mixtures (Huff Hartz
et al., 2005; Prenni et al., 2007; Engelhart et al., 2008; Wex et al., 2009). Prenni et al.
(2007) reported a xcen value of 0.10 + 0.04 for SOAs generated by dark ozonolysis of
a-pinene, B-pinene, and 3-carene. Wex et al. (2009) reported a xccn value of 0.10 *
0.04 for the SOA derived from dark ozonolysis of a-pinene. Engelhart et al. (2008)
found xccen values for the SOA produced during dark ozonolysis of a-pinene and mixed
monoterpenes ranging between 0.11 and 0.14 using a DMT CCN counter and between
0.14 and 0.23 using a static CCN counter. The latter values were in line with the xccn
values (0.11-0.14) determined by Huff Hartz et al. (2005) at high SS (1%) (obtained
using a static CCN counter). However, Engelhart et al. (2008) reported that a larger
range in xccn was expected when a static CCN counter was used due to the greater

uncertainty of the measurements.

The SOA patrticles produced in this study during the dark ozonolysis of y-
terpinene are relatively good CCN: they are less active than pure (NH4)2SOa4 (kcen =
0.61) but more active than sesquiterpenes (xccen < 0.1) (Huff Hartz et al., 2005; Tang
et al., 2012; Frosch et al., 2013). However, our xccn values (0.20-0.24; Exp #12 and
Exp #10) were also much higher than the xcr values (0.016-0.029; Exp #12 and Exp

#10) measured for the same precursor and under the same oxidation conditions but in
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the subsaturated water vapor regime. The discrepancy between xccn and xcr is
discussed in Section 4.3. Size-resolved CCN measurements are needed for further
analysis of the ozonolysis of y-terpinene with different initial precursor concentrations
and electrical mobility diameters to verify whether the initial conditions and the SOA

size selection affect the xccen values.

For SOA particles internally mixed with (NH4)2SOa4 (Exp #21, [y-terpinene]o = 16
ppbv; [Os]o = 47 ppbv; €org ~0.34; Figure 7), the CCN activation spectrum measured at

a dm of 90 nm displayed p(x) values spanning a range of 0.375-0.691 with an average

kcen of 0.55.
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Figure 7. CCN activation curves recorded for SOA particles internally mixed with

ammonium sulfate ([y-terpinene]o = 16 ppbv, [Os]o = 47 ppbv). (a) Normalized dm
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distribution of SOA particles with an electrical mobility diameter dm of 90 nm. (b) The
CCN activation fraction (AF) as a function of supersaturation (SS (%)). The lines in
Figure (b) are fitted CCN activated fraction curves considering the measured size
distributions. The error bars in Figure (b) represent the combined uncertainties,
which take into account the standard deviations estimated from the repeated CCN
and CN measurements under the same conditions. (c) The expression of the single-

parameter hygroscopicity xccn as a probability density function according to Eq. (9).

The SOA particles formed during this experiment exhibited higher CCN activity
than pure SOA particles obtained during the ozonolysis of y-terpinene, which was
expected due to the added hygroscopicity effect of the salt fraction. The measured
kcen was similar to that of pure (NH4)2SO4 and indicated that the organic species
produced in this seeded experiment (estimated €org ~0.34) at a dm of 90 nm did not
substantially affect the CCN activity of the mixed particles. A xcen of 0.47, in good
agreement with the experimental xcen, was calculated by using the simple mixing rule

(EqQ. 10) with a xccn, (vHay2s04 Of 0.61 and a xccen, org Of 0.20.

4.3 Hygroscopicity and CCN activity closure

As shown in Table 1 (Exp #10, Exp #12 and Exp #21), the CCN activity obtained
from the CCNc measurements was higher than that obtained from the HTDMA
measurements. Average xccn/xcr ratios of ~7 and ~14 were determined for SOA
particles at low (Exp #12) and high (Exp #10) SOA mass loadings, respectively, and a
lower xccn/xcr ratio of ~2.5 (Exp #21) was determined for the internally mixed SOA—
(NH4)2S0O4 particles. A discrepancy between x values expressed under sub- or

supersaturated conditions has been obtained in several previous laboratory and field
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measurements of organic aerosols but is not yet fully understood (Carrico et al., 2008;
Good et al., 2010Db; Irwin et al., 2010; Massoli et al., 2010; Cerully et al., 2011; Dusek
et al., 2011; Alfarra et al., 2013; Wu et al., 2013; Hansen et al., 2015; Bougiatioti et al.,
2016; Dawson et al., 2016). The gap discrepancies between xcr and xccn values
suggest a mechanism in the subsaturated regime that leads to reduced water uptake
compared to that taken up under the supersaturated condition and depends on the
SOA chemical composition (Wittbom et al., 2018). The question is whether this
discrepancy is due to the particle properties produced or to the operating principle of

the instruments used. Among the possible explanations are:

(1) the solubility limitations of the sparingly soluble components of the
multicomponent SOA (Petters et al., 2009c; Petters and Kreidenweis, 2013; Wittbom

et al., 2018);

(2) a non-ideal solution mixing behavior within the particles that cannot be
represented by a single hygroscopicity parameter (Petters et al., 2009a; Petters et al.,
2009c; Rastak et al., 2017; Liu et al., 2018); the latter including liquid-liquid phase
separation at high RH, e.g., in the form of a relatively sharp transition from water-poor
to water-rich highly dilute aqueous organic droplets (Rastak et al., 2017; Gorkowski et

al., 2019);

(3) surface tension effects and related assumptions that affect observed

xvalues (Wex et al., 2009; Ovadnevaite et al., 2017; Prisle et al., 2019);

(4) a combination of the above.

While detailed thermodynamic models have provided clear indications for a real
gap between xer and xccn consistent with predictions, to date it is not clear how these
effects could be probed individually and reliably in experiments. The problem is further
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complicated by the occurrence of those effects in correspondence to the sharp

changes in water uptake and composition between 98% and 100% RH.

The apparent presence of sparingly water-soluble components is supported by
the water uptake measurements shown in Figure 5a (Exp #7) and Figure S4a (Exp
#16), which might indicate a gradual dissolution of slightly water-soluble components
that would cause a switch from a water-poor to a water-rich phase state at high RH.
However, while low polarity and hygroscopicity may suggest low water solubility, we
emphasize that sparingly soluble organic species do not need to be in a solid-state at
lower RH; in contrast, low solubility can be understood as a liquid—liquid miscibility
limitation at a given RH, which is closely related to the phenomenon of liquid—liquid
phase separation (LLPS). Measurements of GFs at higher RHs (> 93%) may provide
useful insights into the continuous or discontinuous growth factor behavior that has
been observed very close to the point of CCN activation (Wex et al., 2009; Good et al.,
2010b; Mikhailov et al., 2021). Rastak et al. (2017) provided measurements and model
predictions consistent with non-ideal mixing and LLPS as key effects for observed
sharp changes between xcr and xccn at high RH. For example, LLPS was observed
at high RH values (> 95%) in particles containing secondary organic material free of
inorganic salts derived from the biogenic precursors a-pinene, limonene, and -
caryophyllene (Renbaum-Wolff et al., 2016; Song et al., 2017) and from subpollen
particles (Mikhailov et al., 2021). The same effects may play key roles in the apparent
hygroscopicity change of the SOA produced from the ozonolysis of y-terpinene in this
study. Furthermore, surface—active compounds in the aerosol particles can cause an
increase in the apparent CCN activation efficiency of aerosol particles by reducing the
surface tension in the growing droplets, even at high RH, than expected when a surface

tension equivalent to that of water was assumed (Facchini et al., 2000; Prisle et al.,
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2008; Wex et al., 2008; Wex et al., 2009; Sareen et al., 2013; Ruehl et al., 2016; Zhao
et al., 2016; Forestieri et al., 2018; Davies et al., 2019). At low RH (< 95%), the effect
of the surface tension on the particle surface—air interface is negligible (Hodas et al.,
2016). However, Wex et al. (2009) and Wittbom et al. (2018) found that a reduction in
surface tension could only partially explain the discrepancy between x values
determined in both regimes in their experiments. In addition, the co-condensation of
semi-volatile organic compounds (due to changes in RH in the instruments) (Topping
and McFiggans, 2012) may play an important role and may need to be considered in

future analysis of the dynamic CCN activity of SOA.

As described in Section 2.2, the accuracy of the determined GFs is sensitive to
the (dry) particle shape. Non-spherical shapes can lead to an underestimation of GFs.
In another study by our group (Fayad et al., 2021b), the use of cryo-transmission
electron microscopy combined with energy—dispersive X-Ray spectroscopy (cryo-
TSEM-EDX) measurements for y-terpinene-derived SOA particles showed that the
particles at dry conditions (RH of ~2 %) were spherical and in a viscous physical state.
Therefore, we conclude that no shape correction factor was needed to correct the
HTDMA data for a possible overestimation of the dry volume equivalent diameter in

this study (Kreidenweis et al., 2005).

5. Conclusion

This study was focused on the hygroscopic growth and CCN activity of SOA
particles derived from the gas-phase reaction of ozone with y-terpinene at different
initial precursor concentrations. The SOA patrticles were produced in the presence or
absence of CHEX, which is an OH scavenger; TMB, which is an anthropogenic VOC;

and ammonium sulfate as seed particles. In the absence of seed particles and under
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subsaturated conditions, the particles were found to be slightly hygroscopic, with xcr
values of 0.02—0.04 obtained for particles 50—-180 nm in diameter. In addition, our study
shows that the water uptake of the produced SOA was dependent upon on the reaction
conditions. The measured hygroscopic growth factors and their corresponding xcr
values were highly dependent on the SOA mass loading. An increase in the water

uptake was observed with a decreasing SOA mass loading.

The hygroscopic growth curves (GF vs. aw) of the SOA formed in the absence
or presence of TMB or CHEX exhibited continuous water uptake without a clear
deliguescence signal upon hydration. However, the hygroscopic growth curves of the
SOA produced in this study in the presence of (NH4)2SO4 seeds showed an increase
in the diameter of the particles at a deliquescence RH of ~76% of (NH4)2SOs in the
mixed particles, which was slightly lower than the deliquescence of pure (NH4)2SOa.
Under supersaturated conditions, the SOA mass loading and the size of the selected
particles did not significantly affect the CCN activity, as indicated by xccn values
ranging between 0.20 and 0.24 (average xccn ~0.23). The xcen values found in this
study were clearly higher than those measured in previous monoterpene ozonolysis
studies (xccn from 0.09 to 0.14), in which a DMT CCN counter had been used. The
larger xcen values found in this study may have been results of the presence of the
two endocyclic C=C double bonds in the y-terpinene structure, which may have
affected the chemical composition and the properties of the generated SOA. An
average xccn value of ~0.23 demonstrated that the dark ozonolysis of y-terpinene was
an efficient source of CCN (for particles of sufficient size) in the atmosphere. Closure
analysis of xcr derived from HTDMA measurements and xccn determined from CCN

measurements showed significant discrepancy, with xccn values that were much
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higher than xcr values, as shown by average ratios xcen /xce of ~7 and ~17 for low
and high SOA mass loading. This ratio was lower for the internally mixed SOA-
(NH4)2SO4 particles (xcen /xer ~2.5; €org ~0.34) produced in this study. This
discrepancy in hygroscopicity can be attributed to the presence of slightly soluble
materials, non-ideal mixing behavior within the particles, possible surface tension
effects, differing behaviors of the aerosols in the instruments, or a combination of these
factors. Data from HTDMA and CCN measurements for the same aerosol systems are
insightful, yet they are not sufficient to map out the transition between a water-poor
regime with relatively low hygroscopicity under subsaturated conditions and a water-
rich regime with substantially higher apparent hygroscopicity under supersaturated

conditions. System-specific modeling studies are needed to resolve this gap.

To the best of our knowledge, this study provides the first hygroscopic growth
and CCN activity measurements for SOA particles produced through the dark
ozonolysis of y-terpinene. More research is required to improve our understanding of
the hygroscopic properties of SOA produced from y-terpinene photooxidation and
reaction with nitrate radicals. Furthermore, our study highlights the need to conduct
further studies to investigate the hygroscopic properties of SOA produced from the
oxidation of a-phellandrene (another monoterpene containing endocyclic C=C double
bonds). This study supports the use of x ranging between 0.1 and 0.2 as a simplified,
yet accurate, single parameter to represent the CCN activation of SOA material in

large-scale atmospheric and climate models.
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