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This study investigates the effects of temperature and relative humidity (RH) on the formation of secondary
organic aerosol (SOA) from A3-carene, a prevalent monoterpene in boreal forests. Dark ozonolysis
experiments of 10 ppb A3-carene were conducted in the Aarhus University Research on Aerosol (AURA)
atmospheric simulation chamber at temperatures of 0, 10, and 20 °C. Under dry conditions (RH < 2%), the
SOA formation in terms of both particle number and mass concentration shows minimal temperature
dependence. This is in contrast to previous findings at higher initial concentrations and suggests an effect of
VOC loading for A®-carene. Interestingly, the mass fraction of key oxidation products (cis-3-caric acid, cis-3-
caronic acid) exhibit a temperature dependence suggesting continuous condensation at lower temperatures,
while evaporation and further reactions over time become more favourable at higher temperatures. The
oxygen-to-carbon ratios in the particle phase and the occurrence of highly oxygenated organic molecules
(HOM) in the gas phase show modest increases with higher temperatures. Predictions from the Aerosol
Dynamics and Gas- and Particle-Phase Chemistry Kinetic Multilayer Model (ADCHAM) agrees with the

experimental results regarding both physical particle properties and aerosol composition considering the
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Accepted 22nd November 2023 experimental uncertainties. At high RH (~80%, 10 °C), a considerable increase in the particle nucleation rate

and particle number concentration is observed compared to experiments under dry conditions. This is likely

DOI: 10.1039/d3ea00128h due to enhanced particle nucleation resulting from more stable cluster formation of water and inorganics at

rsc.li/esatmospheres increased RH. However, RH does not affect the particle mass concentration.

Environmental significance

Atmospheric aerosols are known to affect both human health and climate, but the extent of their effects remains a large uncertainty in models of current and
future climate. One such uncertainty lies in the limited understanding of the effect of temperature and relative humidity on the formation of secondary organic
aerosol (SOA). In this work, we elucidate how temperature and relative humidity affect SOA formation and key particle properties for an important yet
understudied monoterpene, A*-carene.
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oxidised in the atmosphere via reactions initiated by O3, NO;,
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of BVOC leads to products with volatilities spanning several
orders of magnitude,”™** often described by the volatility
framework and volatility classes developed by Donahue et al.™

Extremely low volatile organic compounds (ELVOCs)
condense onto essentially any existing aerosol particle
surface.”"® Highly oxygenated organic molecules (HOM), are
compounds formed via autoxidation, which include at least 6
oxygen atoms.” A substantial fraction of HOM formed from
monoterpenes, such as the dimers C;g 50Hz5-32010-1s, are likely
ELVOCs. Since the discovery of HOM in 2014, they have been
investigated due to their significant contribution to both
formation and further growth of SOA.***>**'¢ These compounds
are detected with online atmospheric pressure inlet mass
spectrometers.” In the particle phase, covalently bonded
dimers of carboxylic acid monomeric units are identified [e.g:
ref. 17-26] and their molecular formulae indicate that they also
classify as ELVOCs. These dimers have been hypothesised to
form in the gas phase perhaps involving RO, + RO, chemistry or
stabilised Criegee intermediates,***”** through esterifica-
tion***% or oligomerisation'®** in the particle phase or most
recently through acyl peroxy radicals for the C;5-C;o particle
phase dimers.*> These compounds are identified using offline
mass spectrometric methods, such as liquid chromatography
coupled to mass spectrometry [e.g. ref. 22, 25, 26 and 33-35].

Semi-volatile organic compounds (SVOCs) partition between
the gas and the particle phase and therefore exist in consider-
able fractions in both phases. SVOCs include compounds such
as organic acids [e.g. ref. 25, 26 and 36-38]. These compounds
have been identified with offline mass spectrometric methods
since the 1990s5'7°%* and more recently with online spectro-
metric methods like the filter inlet for gases and aerosols and
chemical ionisation mass spectrometers (FIGAERO-CIMS).*

The most-emitted monoterpene o-pinene and its SOA
formation has been studied for more than 25 years [e.g. ref. 17,
36 and 41-44], but new findings still occur [e.g. ref. 25, 26 and
45-49] in particular at low temperatures. Kristensen et al.?>2¢
observed that the SOA formation from o-pinene is strongly
dependent on temperature with decreasing temperatures
yielding a higher particle number concentration and a higher
particle mass concentration in the temperature range from —15
to 20 °C. Later studies investigated the temperature effects on
HOM formation and found that it decreases with decreasing
temperature both in the range from —15 to 20 °C** and from
—50 to 25 °C.*® Surdu et al.*® investigated the effect of relative
humidity on SOA yield and chemical composition from ozo-
nolysis of a-pinene at —10 and —30 °C. They observed an
increase in the SOA yield with increasing relative humidity and
attributed this enhancement to increased partitioning of semi-
volatile organics.

The emission of A’-carene can be almost as large as the
emission of a-pinene in boreal forests.® In contrast to a-pinene
SOA, the SOA formation from A*-carene has only received little
attention.?*3%#>3%51 previously, the SOA formation from A
carene has been assumed to be analogous to the SOA formation
from a-pinene,* because of the similarities in their chemical
structures. In a series of experiments in the Aarhus University
Research on Aerosol (AURA) atmospheric simulation chamber,
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Thomsen et al.,** however, find differences in the formation of
SOA from a-pinene and A’-carene. Ozonolysis of A’-carene
results in increased particle mass concentrations and larger
particles compared to ozonolysis of oa-pinene under similar
experimental conditions.**

The formation of SOA from monoterpenes is affected by
environmental conditions like temperature*>**+*¢ and relative
humidity.*»**%* The effects of temperature**** and humidity*>**
on the SOA formation from oxidation of A®-carene were previ-
ously studied at different VOC loadings. The SOA yield and the
particle number concentration from ozonolysis of A’-carene
increased with decreasing temperature at 25 and —30 °C* and
from 20 to 0 °C.** Jonsson et al.** reported a small increase in
the particle mass concentration and particle number concen-
tration with increasing RH, whereas Li et al.>® found that the
particle number concentration decreases with increasing RH,
while the particle mass concentration is relatively constant.
HOM formation from A*-carene oxidation is still understudied®
and more research is needed to understand the processes and
effects of temperature and RH on HOM formation. Further-
more, the volatility distribution of oxidation products from A*-
carene has not been studied.

Here, we present an overview of a measurement campaign
carried out at the AURA atmospheric simulation chamber to
further elucidate the oxidation and aerosol formation from the
dark ozonolysis of A’-carene: the Aarhus Chamber Campaign
on Evaporation, Partitioning, and Terpene Oxidation,
ACCEPTO. We discuss particle phase properties and composi-
tion with a focus on the influence of temperature and relative
humidity. For the first time, the chemistry and SOA formation
during A’-carene ozonolysis is modelled with the Aerosol
Dynamics and Gas- and Particle-Phase Chemistry Kinetic
Multilayer Model (ADCHAM)*® and compared to the experi-
mental results from the AURA atmospheric simulation
chamber. The formation of HOM and the partitioning of volatile
organic products are presented in two separate accompanying
papers.

2 Methods

2.1 Chamber experiments

Dark ozonolysis experiments of A*-carene were performed in
the AURA atmospheric simulation chamber. Kristensen et al.>®
provide a detailed description of the specifications of AURA. In
short, AURA consists of a ~5 m> cuboid Teflon bag fixed in
a temperature-controlled room. The temperature inside the
chamber may be regulated from —16 °C to 26 °C. All instru-
ments used in the current study were placed outside the
chamber in an air-conditioned laboratory at 22 °C. The general
experimental procedure was (1) filling the chamber with clean
air using a zero-air generator (model 737-14, Aadco Instru-
ments, Inc.), (2) injecting ~180 ppb O3 using an ozone gener-
ator (model 610, Jelight Company, Inc.), and (3) injecting 10 or
20 ppb A3-carene ((+)-3-carene, Sigma-Aldrich, 98.5%) to the
AURA chamber through a glass manifold with a heated (>30 °C)
flow of nitrogen gas (10 L min~"). Experiment time 0 minutes
corresponds to injection of A*-carene marking the start of the
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experiment. The initial VOC concentration in ppb is calculated
based on the injected volume of A*-carene. Table 1 presents an
overview of the A’-carene ozonolysis experiments performed
during the ACCEPTO campaign.

The temperature and RH were measured in the centre of the
chamber with a probe (HC2-C04, Rotronic AG). Five additional
temperature sensors (ADT740, Analog Devices) measured the
temperature at five different locations inside the temperature-
controlled room around the chamber to check for a uniform
temperature throughout the chamber. The ozone concentration
and the concentrations of nitrogen oxides (NO and NO,) were
monitored with a UV photometric (0342 Module, Environne-
ment S. A.) and a chemiluminescent monitor (AC32M, Envi-
ronnement S. A.), respectively.

Particle size distributions were measured with a scanning
mobility particle sizer (SMPS) consisting of an electrostatic
classifier (model 3082, Impactor 071CM, TSI Inc.) and a water-
based condensation particle counter (CPC, model 3788, TSI
Inc.). The electrostatic classifier was equipped with a long
differential mobility column and operated with a Kr-85 neu-
traliser (TSI 3077A, TSI Inc.). The SMPS sampling time was 120 s
(117 s upscan, 3 s downscan) with a purge time of 30 s to avoid
carry-over of particles between scans. The sheath flow was 6.0
L min~" and the aerosol flow was 0.6 L min~". The lower cut-off
diameter was 10 nm and the upper cut-off diameter was 421 nm.
In experiments 10D and 10E, the aerosol stream was dried to an
RH < 15% with a silica diffusion dryer (TSI Inc.) before entering
the SMPS. The initial nucleation was monitored with a nano
condensation nucleus counter (nCNC, Model A11, Airmodus
Ltd.”) consisting of a particle size magnifier (Model A10, Air-
modus Ltd.) and a butanol-operated CPC (Model A20, Airmodus
Ltd.). The saturator flow was 0.245 L min~" corresponding to
a lower cut-off diameter of 1.7 nm. The nCNC measured for 30
minutes and was then disconnected from AURA. The chemical
composition of the particles was monitored in several ways: (1)
with a high-resolution time-of-flight aerosol mass spectrometer
(AMS, Aerodyne Research, Inc.*®), (2) with a Filter-Inlet for Gases
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and AEROsols Chemical Ionization Mass Spectrometer (FIG-
AERO-CIMS*), and (3) using a sequential spot sampler (Series
110 A, Aerosol Devices®*°) for detailed offline analysis using an
ultra-high performance liquid chromatograph coupled to
a mass spectrometer through an electrospray ionization inlet.
The AMS was operated in V-mode with 1 minute averaging and
a flow rate of 0.08 L min . In experiments 10D and 10E, the
aerosol stream was dried before entering the AMS with an
aerosol dryer (Aerodyne Research, Inc.). The gas phase was
monitored with (1) a chemical ionization atmospheric pressure
interface time-of-flight mass spectrometer (NO;-CIMS)*** and
(2) the FIGAERO-CIMS. An overview of the instrument positions
around the AURA chamber, the flows, and their sampling cycles
are given in Section 1 in the ESI.f Experiment 10C was per-
formed after the campaign without the FIGAERO-CIMS and the
NO;-CIMS. To maintain similar flow conditions in the chamber
without these instruments sampling as in the previous experi-
ments, a pump with a similar flow to these two instruments
removed air from the chamber to simulate sampling from the
instruments.

All particle number concentrations are reported without
wall-loss correction. All particle mass concentrations measured
with the SMPS are wall-loss corrected according to Pathak
et al.®® with an optimised fit of the decay of particle mass
concentration. Section 2 in the ESI{ describes the optimised fit
and the following wall-loss correction. The uncertainty on the
ozone concentration was estimated from the noise and the
accuracy associated with the instrument. The uncertainty on the
initial concentration of the VOC was estimated from previous
experiments****> where the VOC concentration was measured
with a proton transfer reaction mass spectrometer or a gas
chromatograph with a flame ionisation detector. The absolute
uncertainty for these experiments was 5 ppb, which is then also
expected to be the same during the ACCEPTO campaign and it
brings a noticeable uncertainty to the estimated SOA yields. The
SOAYyields are calculated according to Odum et al.** and Pathak
et al.®® The SOA yields are based on the aimed initial VOC

Table 1 Experimental conditions for the ozonolysis experiments performed in the ACCEPTO campaign. The maximum particle mass
concentrations are reported after wall-loss correction. The VOC starting concentration, [VOCly, is calculated based on the injected volume of
A3-carene. The absolute uncertainty on the A3-carene concentration is based on previous measurements.3*3 The uncertainty in the Os
concentration is estimated based on the noise and instrument accuracy. The uncertainty on the SOA yield is based on the uncertainty of the
SMPS measurements and the absolute uncertainty of the A3-carene concentration

Max. concentrations

Date D [vOC], (ppb) [0s]o (PPb) Tovg (°C) RH, (%) Number (x10* em™3) Mass (ug m™?) SOA yield (%)
220202 0A 10£5 159 £ 15 0.1 £ 0.1 1.6 = 1.6 3.1 3.1 5+3
220113 10A 10£5 174 £ 15 10.1 £ 0.1 0to0 2.9 3.2 7+t4
220204 10B 10£5 171 £ 15 10.1 £ 0.1 0.4 + 0.8 3.8 7.4 13+7
220427 10C* 10 £5 169 £+ 15 10.2 £ 0.1 0.6 + 1.0 2.7 5.7 9+ 5
220124 10D 10+5 174 £ 15 10.2 + 0.1 78 £ 2 18.1 3.6 4+2
220131 10E 20+ 5 169 £+ 15 10.2 £ 0.1 76 + 1 17.2 20.6 14 +7
220111 20A 10£5 181 £ 15 20.2 + 0.1 0+0 2.9 5.5 9+ 5
220205 20B 10 £5 181 £ 15 20.2 + 0.1 0+0 3.3 7.4 11+6

“ This experiment was performed after the main campaign and a pump was added to simulate the airflows of the FIGAERO-CIMS and the NO;-

CIMS.

90 | Environ. Sci.: Atmos., 2024, 4, 88-103

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ea00128h

Open Access Article. Published on 29 November 2023. Downloaded on 1/14/2026 9:22:19 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

concentrations of 10 ppb and the assumption that all A*-carene
is consumed.** The nucleation rate is calculated as described in
Tomicic et al.** and the growth rate for particles with diameter >
20 nm is calculated according to Kulmala et al.®® using the
maximum-concentration method.*”” An outlier test was per-
formed for the mass fraction at 90 min acquired in the offline
analysis in experiment 20A. The outlier test followed Fisher's
least significance difference method described in Su et al.®®

2.2 Particle sampling and offline analysis

Particle samples were collected continuously with a sequential
spot sampler (Series 110 A, Aerosol Devices)***® in 30 minute
intervals at a flow rate of 1.25 L min~'. The sequential spot
sampler was operated with the following settings: conditioner
temperature of 5 °C, initiator temperature of 35 °C, moderator
temperature of 8 °C, nozzle temperature of 27 °C, and sample
plate temperature of 35 °C. The particle samples were first
extracted with 10% acetonitrile in MilliQ water (<0.05 uS cm ™),
then with 50% acetonitrile in MilliQ water. The particle extracts
were stored at 5 °C until analysis. The analysis was performed
according to Thomsen et al.** with an ultra-high performance
liquid chromatograph (UHPLC) coupled to a quadrupole time-
of-flight mass spectrometer (QTOF-MS, Compact, Bruker)
through an electrospray inlet. The UHPLC method and QTOF-
MS settings are described briefly in Section 6 in the ESIf and
a detailed description is found elsewhere.** Ozonolysis products
of A®-carene are tentatively identified with authentic standards
of a-pinene oxidation products by analyzing their compound-
specific retention times***® and their mass spectral informa-
tion e.g fragmentation patterns and the molecular ions,
[M—H].192123246970 The g-pinene oxidation product standards
were: cis-pinic acid (Aldrich), cis-pinonic acid (Aldrich, 98%),
and diaterpenylic acid acetate (DTAA, kindly supplied by Y.
linuma, TROPOS, Leipzig, Germany). Due to an extraction error,
the data from particle samples from experiment 20B are not
reported.

2.3 FIGAERO-CIMS

A High-Resolution Time-of-Flight Chemical Ionisation Mass
Spectrometer (HR-ToF-CIMS) combined with a Filter Inlet for
Gases and AEROsols (FIGAERO, Aerodyne Research Inc.) was
connected to the AURA chamber to measure both gas and
particle phase oxidation products. A more detailed description
of HR-ToF-CIMS with a FIGAERO inlet is found in Lopez-
Hilfiker et al.*® During the ACCEPTO campaign, the flow rate
of the gas phase into the ion molecule region (IMR) was 2
L min ', Simultaneously, the particle phase sample was
collected on PALL® PTFE membrane filter for 10 min with
a flow of 3 L min~". Fig. S.2% shows the sampling cycle of the
FIGAERO-CIMS. The particle sample was subsequently des-
orbed by heated pure N, (2 L min~') into the IMR. The iodide
(I") ion produced from the ionisation of methyl iodide (CH,I)
was delivered into the IMR in a flow of pure N,. The reagent ion
(I") and targeted compounds form molecular adduct ions in
IMR and the adducts were detected by the HR-ToF-CIMS. The
partitioning of detected compounds was calculated using the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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ion counts in the gas phase and the corresponding ion counts in
the particle phase.

2.4 Nitrate-CIMS

A NO;-CIMS (Tofwerk AG/Aerodyne Research, Inc.®?) with
nitrate (NO3z) as reagent ions were deployed for measuring
highly oxygenated products of A*-carene oxidation in the gas
phase. The sample molecules are detected either as deproto-
nated ions ((M—H] ") or more typically as clusters with reagent
ions (M:NOjz). The instrument was configured to be capable of
determining ions up to 960 Th with a mass resolving power of
~8500 Th. In all experiments, except 10A and 20A, the instru-
ment sampled 10 L min~" from the chamber for the first 80 min
after A®-carene injection, after which a cycle was started with
40 min without sampling alternating with 20 min of sampling.
This was done to limit the amount of air drawn from the
chamber. Fig. S.21 shows the sampling cycle of the CI-APi-TOF.
In experiments 10A and 20A, air from the chamber was sampled
with a flow rate of 5 L min~" and directly mixed with an equally
large clean airflow. In these cases, the sampling was continuous
throughout the experiments. The NO;-CIMS data were pre-
processed with tofTools MATLAB package (version 612).”

2.5 ADCHAM modelling

The Aerosol Dynamics and Gas- and Particle-Phase Chemistry
Kinetic Multilayer Model ADCHAM”? was used to simulate the
gas phase chemistry and secondary aerosol formation during
selected ACCEPTO experiments. ADCHAM considers wall losses
of particles and gases to the chamber walls and all aerosol
dynamic processes. The particle number size distribution was
represented by 200 size bins between 1.7 nm and 516 nm in
diameter. Currently, no complete gas phase chemistry mecha-
nism for ozonolysis and OH oxidation of A3-carene exists. Thus,
in this work, we developed and implemented a A’-carene
oxidation mechanism which is based on the Master Chemical
Mechanism v3.3.1 (MCMv3.3.1) for a-pinene chemistry’>”* and
the Peroxy Radical Autoxidation Mechanism (PRAM).”>”® The
first reaction steps of the O; and OH oxidation of A3-carene is
represented by the mechanisms proposed by Wang et al.”® and
Hantschke et al.,”” using the temperature-dependent A*-carene
+ OH reaction rate constant from Dillon et al.:”® 2.48 x 10~ "
exp(357/T) cm® molecule ! s'. We could not find any empiri-
cally derived temperature-dependent reaction rate constant for
ozonolysis of A*-carene in the literature. Hence, in this work we
assume that the temperature-dependence for the A*-carene + O;
reaction rate constant is the same as for a-pinene in MCM: 3.7
x 107 *° exp(—640/T) cm® molecule * s, The implemented A®-
carene + Oz reaction rate constant matches the reaction rate
constant reported by Hantschke et al.”” at 300 K. The OH yield
from the ozonolysis of A’-carene in the mechanism is 65%,
which was based on the empirically estimated yield from
Hantschke et al.”” of 65%. It can also be compared with the
theoretical values of 56-59% from Wang et al.”® To be able to
represent the observed HOM mass spectrum in ADCHAM we
used a total ozonolysis molar yield of 2.5% for the first RO,
isomers (C;oH;504) that can undergo autoxidation and produce
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HOM in PRAM. In addition, we also included a minor (<0.4%
molar yield) CoRO, (CoH;30,) autoxidation pathway to HOM, in
order to capture the observed mass peaks corresponding to the
ions CoH;,04 and CoH,,04. A more detailed description of the
new A-carene gas phase chemistry mechanism is provided in
Luo et al. (in prep.).

3 Results and discussion
3.1 Particle formation and growth

Fig. 1 shows the formation and growth of particles over time
obtained from the SMPS data. The upper panels (I-III) relate to
investigating the temperature dependence of the SOA formation
from ozonolysis of A*-carene. The lower panels (IV-VI) relate to
the investigation of the effect of relative humidity on SOA
formation from ozonolysis of A®-carene. Consistent with
previous observations,**** the particle number concentration
generally increases steeply a few minutes after the injection of
A-carene. After the maximum particle number concentration is
reached, a decay ascribed to wall loss and coagulation is
observed. The particle mass concentration and particle mode
diameter also grow and reach relatively constant values after
about 150 minutes. The full experimental details are presented
in Section 3 in ESL.{

The particle number concentrations at 0, 10, and 20 °C at 0%
RH are in the range (2.7-3.8) x 10* # cm ™. Across all temper-
atures, the measured particle number concentrations are
almost equal. However, the particle mass concentrations in
experiments 10A-C and 20A-B fluctuate. This variation in
particle mass concentrations - especially pronounced at 10 °C -
makes it difficult to draw any firm conclusions in relation to
temperature trends, however, this points towards that the
temperature effect on ozonolysis of A’-carene is not very strong
at the current experimental conditions. The variation in particle
mass concentration may in part arise from small differences in
the initial concentration of VOC as suggested by the result of the
ADCHAM model (Section 3.3) or in part, the low VOC loadings
where the concentration of trace compounds, e.g. ammonia or
sulfuric acid,®*>** might play a significant role in the formation
of particles.

The average particle mode diameter for SOA for all experi-
ments at the maximum particle mass is 80 &+ 9 nm, which again
indicates that the temperature does not strongly affect the SOA
formation from ozonolysis of A’-carene. Table 2 shows the
nucleation rates and growth rates for all experiments. Neither
the nucleation rates nor growth rates show a strong temperature
dependence under dry conditions and are across all tempera-
tures between 33.8-59.4 # cm~® s' and 35.1-51.7 nm h™". In
contrast, Simon et al.*® observed increasing nucleation rates
with decreasing temperatures for o-pinene oxidation. This
illustrates that ozonolysis of A’-carene exhibits a less
pronounced temperature dependence compared to ozonolysis
of a-pinene under dry conditions.

It is interesting to compare our data with previous observa-
tions of ozonolysis of monoterpenes in the AURA simulation
chamber.>*?*** Ozonolysis of a-pinene exhibits a clear temper-
ature dependence showing increasing particle number
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concentrations and particle mass concentrations with
decreasing temperature at both 10 and 50 ppb.**** However, the
temperature effect is less pronounced for the ozonolysis of
10 ppb of a-pinene than at 50 ppb. Ozonolysis of 50 ppb A*-
carene show some temperature dependency, but not to the
same degree as for ozonolysis of a-pinene.** It thus seems
reasonable that the lower VOC concentration in this study leads
to a weaker temperature effect for ozonolysis of A’-carene.
However, drawing any definitive conclusions about the effect of
temperature on the particle number concentrations and
particle mass concentrations is hindered by the uncertainty in
the initial VOC concentration and that only one experiment was
performed at 0 °C.

Regarding the influence of relative humidity, ozonolysis of
10 ppb A’-carene at 0% RH (low RH, experiments 10A-C) and at
80% RH (high RH, experiment 10D) result in comparable
particle mass concentrations. Meanwhile, the particle number
concentrations from ozonolysis of A’-carene at low RH are in
the range (2.7-3.8) x 10* # cm >, while the resulting particle
number concentration at the high RH is 18.1 x 10* # cm™>. The
drastic increase in the particle number concentration at high
RH is also observed in experiment 10E, where ozonolysis of
20 ppb A*-carene at 80% RH results in a similar particle number
concentration of 17.2 x 10* # cm* and a higher particle mass
concentration consistent with the increased VOC loading. The
high particle number concentrations observed in both experi-
ments at high RH indicate that RH influences nucleation. This
is also clear from the nucleation rates (Table 2) for experiments
10D and 10E, which are considerably higher than in the dry
experiments.

While we cannot separate individual contributions to
nucleation, growth, and resulting particle mass concentration
based on these measurements, it is known that humid condi-
tions enhance the nucleation driven by inorganics.**** No
inorganics are added to the AURA chamber during these
experiments, but direct background measurements show that
sulfuric acid is present in very low concentrations (Fig. S.87).
The level of H,SO, is similar in all experiments. However, in
experiments with increased RH, water should stabilise the
H,SO, clusters leading to higher cluster formation rates
compared to dry experiments.>***%

The particle growth rate is 43 = 6 nm h™" at the low RH and
20.6 nm h™" at the high RH. The smaller particle diameter (48
nm) at high RH compared to low RH (80 + 9 nm) naturally
follows from similar particle mass concentrations but a much
higher particle number concentration at high RH.

Previous observations of the effect of RH on SOA formation
show conflicting results. Jonsson et al.** report an increasing
particle number concentration with increasing RH in agree-
ment with this work and suggest that it is a mechanistic effect.
In contrast, Bonn et al® find a decreasing particle number
concentration with increasing RH, but do not pursue an
explanation of the observation. The discrepancy in the obser-
vations may be due to different experimental conditions, as
Jonsson et al.*> use ~29 ppb A’-carene and ~2000 ppb O; in
a flow tube setup, while Bonn et al.>* use 500 ppb of both a-
pinene and Oj; in a spherical glass reactor.?>*¢
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Table 2 Nucleation rates, JD,, for particles with D, > 1.7 nm based on
the nCNC particle number concentration and growth rates, GRp , for
particles with D, > 20 nm based on the SMPS particle number
concentration

D Ji7(#em s GRyo (nm h™")
0A 35.6 35.1
10A 33.8 36.1
10B 59.4 46.1
10C 32.0 46.8
10D 697.2° 20.6
10E 1108.3¢ 44.3
20A 40.2 43.9
20B 36.2 51.7

“ Nucleation rate calculated between the 20% limit and the upper limit
of the nCNC.

The effect of humidity is often observed as a considerable
increase in the particle mass concentration due to water uptake.
During the ACCEPTO experiments carried out at high RH, the
particles were dried prior to measurement with the SMPS and
the AMS and hence this water uptake is not visible in our
observations. Jonsson et al.*> measure the particle size distri-
butions with no drying of the particles and observe an increase
in the particle mass concentration. They explain ~30% of their
growth with water uptake and state that the additional growth

© 2024 The Author(s). Published by the Royal Society of Chemistry

. (Il and VI) Particle size distributions at maximum particle mass concentration. Note that experiment 10A-C is plotted in both series.

observed is due to a mechanistic effect of water affecting the
product distribution.

3.2 Aerosol composition

Three approaches to characterise the aerosol phase have been
applied in this study: (1) AMS, (2) FIGAERO-CIMS, and (3) off-
line analysis using UHPLC-QTOF-MS. AMS yields information
on the general oxidation state of the particle phase in the form
of hydrogen-to-carbon (H/C) ratios and oxygen-to-carbon (O/C)
ratios. The FIGAERO-CIMS provides information on partition-
ing. The analysis of particles collected yields both qualitative
and quantitative information on aerosol composition.

The O/C ratio is often used to characterize the degree of
oxidation of compounds in the particle phase. Fig. 2 shows a van
Krevelen plot with the H/C ratio as a function of the O/C ratio from
AMS data from each experiment. A slight temperature trend is
observed with an increasing O/C ratio with increasing temperature
for dry experiments. Previous studies with ozonolysis of A’-carene
at 50 ppb* and 100 ppb* and ozone concentration of about 200
ppb, respectively, both show O/C ratios of about 0.4. In this work,
the O/C ratio for experiments 10A-C lies at about 0.45-0.5, which
indicates a more oxidised particle phase. This likely stems from
the lower VOC loading in this work, while the ozone concentration
is similar to the previous studies.*** It seems that there is an effect
of relative humidity on the H/C ratio for the ozonolysis of 10 ppb
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A3-carene. For the low RH experiments at 10 °C, the H/C ratio is
between 1.55 and 1.6; for experiment 10D with high RH, the H/C
ratio range between 1.6 and 1.7 over the duration of the experi-
ment. An increasing H/C in ambient AMS measurements has
previously been suggested to arise from hydrolysis.*” However, an
increase in the H/C ratio for ozonolysis of 20 ppb A*-carene at 80%
RH (10E) is not observed, which might suggest that the increase in
H/C ratio for the ozonolysis of 10 ppb A*-carene does not arise
from hydrolysis. The O/C ratio is either similar (10D) or lower (10E)
at high relative humidity compared to dry conditions (10A-C).
Surdu et al.* observe decreasing O/C ratios with increasing RH.
This decrease in O/C is suggested to arise from an increase in
moderately oxygenated compounds (C;oH;60,-5), while more
oxygenated compounds (C;oH;606-5) are unaffected. No such
effect is observed in offline chemical analysis (Fig. 4) nor in the
online measurements from the FIGAERO (Fig. S.9t).

In the offline analysis, four carboxylic acids, cis-3-caric acid,
cis-3-caronic acid, OH-3-caronic acid (10-hydroxy-3-caronic
acid), and a carboxylic acid with molecular weight (MW) 170 g
mol ", are tentatively identified. MW170 is tentatively identified
as 3-caralic acid or nor-3-caronic acid.* In addition to the four
carboxylic acids, one dimer with MW 368 g mol " was tenta-
tively identified. The presence of these five ozonolysis products
is in line with previous work,** where Thomsen et al. identified
~50% of the total particle mass and find that ~2/3 of the
identified particle mass arise from cis-3-caric acid in SOA
formed from ozonolysis of 50 ppb A®-carene. Fig. S.107 shows
the development of the estimated concentrations of ozonolysis
products cis-3-caric acid and cis-3-caronic acid over time in
experiments 0A, 10A, 10B, 10C, and 20A as mass fractions
compared to the SMPS particle mass concentration without
wall-loss correction. Mass fractions are presented in order to
avoid overinterpretation of mass differences between experi-
ments and to indirectly correct for wall loss. A substantial mass
fraction of cis-3-caric acid (~30%) is found in the particle phase.
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Fig. 2 A van Krevelen plot with the general oxidation state of the
particle phase. Three oxidation states of known compounds from
ozonolysis of A®-carene are shown. (1) cis-3-Caric acid, (2) cis-3-
caronic acid, and (3) dimer MW368.
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The condensation of cis-3-caric acid has previously been sug-
gested to be more efficient than cis-pinic acid,* which might
explain this large fraction of cis-3-caric acid in the particle
phase. Fig. S.12F shows the development in the mass fractions
of OH-3-caronic acid and the estimated mass fraction of
MW170. OH-3-caronic acid constitutes ~10% of the particle
mass. MW170 is only detected in experiments 10B and 10C after
90 minutes. A gradual build-up from 0.1% of the total particle
mass to 1.4% of the total particle mass is observed.

Fig. 3 shows the mass fractions of the ozonolysis products
cis-3-caric acid, cis-3-caronic acid, and OH-caronic acid for
experiments 0A, 10A, 10B, 10C, and 20A. The correlation coef-
ficients, R*, from linear least squares regression were between
0.68 and 0.92 at 0 and 20 °C. Overall, an increase with time in
the mass fraction of cis-3-caric acid, cis-3-caronic acid, and OH-
3-caronic acid is observed at 0 °C. In contrast, at 20 °C,
a decrease of cis-3-caric acid, cis-3-caronic acid, and OH-3-car-
onic acid is observed. At 10 °C, no apparent trend is observed.
This is consistent with R* generally being lower for 10 °C
experiments. It is interesting that the fractions of the three
carboxylic acids increase with time at 0 °C, while the fractions
decrease with time at 20 °C. This suggests that condensation of
the three carboxylic acids is continuous at lower temperatures,
while at higher temperatures, evaporation back into the gas
phase or further reactions removing these species are favour-
able, and other reaction products not detected by the present
analysis become more prominent in the particle phase.

Fig. 4 shows the development in the mass fractions of cis-3-
caric acid and cis-3-caronic acid over time in experiments 10A-E to
investigate the effect of RH. Ozonolysis of 10 ppb A*-carene at 0%
RH results in a mass fraction of cis-3-caric acid between 10 and
35%, while ozonolysis of 10 ppb A%-carene at 80% RH results in
a mass fraction of cis-3-caric acid between 10 and 70%. After 90
minutes, the mass fraction of cis-3-caric acid formed at 80% RH
exceeds the mass fraction of cis-3-caric acid formed at 0% RH. The
increase in cis-3-caric acid could potentially be linked to enhanced
partitioning of cis-3-caric acid as the bulk diffusivity increases and
the viscosity decreases with increasing RH.*

Surprisingly, we observe that the mass fraction of cis-3-car-
onic acid found in the particle phase at 80% RH is lower than
the mass fraction of cis-3-caronic acid at 0% RH. Surdu et al.*®
discussed the effect of water on the gas-particle partitioning of
semi-volatiles in detail. Water vapour tends to have little effect
on the gas phase chemistry, but if water were to react with
a Criegee intermediate a higher concentration of cis-3-caronic
acid would be expected. They deem this a negligible contribu-
tion in good agreement with our observations of a lower mass
fraction of cis-3-caronic acid with increasing RH. Ma et al.®®
found that the formation of cis-pinonic acid from ozonolysis of
a-pinene is indeed water dependent and Tillmann et al.>* stress
that the effect of water on the oxidation products from a-pinene
is not understood to fully describe the effects on the SOA
formation and its dependency on water. Tillmann et al.** also
observe a humidity-dependent gain in SOA yields at —20 and
—30 °C and explain the growth as arising from water-dependent
chemistry in the formation of oxidation products and rule out
physical water uptake. Fig. S.121 shows the development over

© 2024 The Author(s). Published by the Royal Society of Chemistry
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time of OH-3-caronic acid for experiments 10A-E. No effect of
humidity is observed for the presence of OH-3-caronic acid in
the particle phase. Meanwhile, MW170 is only observed in the
low RH experiments 10B and 10C and also in the high RH
experiment with the higher VOC loading, 10E. These somewhat
contradictory observations for four semi-volatile oxidation
products stress that it is important to study the effect of

humidity on oxidation pathways of BVOCs and the subsequent
SOA formation and growth.

3.3 Modelling

According to the ADCHAM simulations, approximately 1/3 of all
A3-carene was oxidised by OH and 2/3 by Oj; in the dry experi-
ments 20A-B, 10A-B and 0A. At the start of the experiments, the
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Fig.4 Mass fractions of ozonolysis products of A*-carene at 0% RH (10A—C) and 80% RH (10D—-E). (1) The evolution over time of cis-3-caric acid
with an estimated uncertainty of +10%. (ll) The evolution over time of cis-3-caronic acid with an estimated uncertainty of +10%.
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modelled maximum OH concentration was in the range (1.0-
1.4) x 10° molecules cm™>. The highest OH concentrations
were reached in the 20A-B experiments and the lowest in the 0A
experiment. In all simulated experiments, more than 90% of all
A®-carene was consumed within 3 hours.

Fig. 5(I) and (II) show both the modelled and measured
ozone concentrations for experiments 10A and 10B. From the
measured ozone concentration, an initial A*-carene concen-
tration is estimated as the ozone decay at the beginning of an
experiment depends on the A®-carene concentration. The esti-
mated initial A*-carene concentrations for experiments 10A and
10B are 6.5 and 14 ppb, respectively. The estimated absolute
uncertainty of the A®-carene concentration of 5 ppb gives
a range of A*-carene concentrations spanning from 5 to 15 ppb.
For this range of initial A*-carene concentrations, the model
predicts ozone concentrations as outlined by the shaded area in
Fig. 5. The calculated initial A*-carene concentrations are both
within the estimated uncertainty on the injected amount of A*-
carene. By using the estimated initial A*-carene concentrations,
the model is able to reproduce the measured ozone concen-
tration apart from spikes and scattering of the data. In both
experiments, the ozone concentration decreases faster after
about two hours. This is expected to arise from leaks of
surrounding air into the chamber and therefore included in the
ADCHAM model as a dilution factor. Fig. 5(III) shows the
modelled SOA mass concentration and the AMS mass concen-
tration. The modelled results are based on the estimated initial
A3-carene concentrations of 6.5 and 14 ppb for experiments 10A
and 10B, respectively. The shaded area represents model
predictions of the full range of possible initial A’-carene
concentrations according to the absolute uncertainty related to
the concentration. With the estimated A*-carene concentration,
the ADCHAM model captures the evolution in the SOA mass
concentration within the experimental uncertainties. The
model results from experiments 0A, 20A and 20B are presented
in Section 7 in the ESI.¥ At both 0 and 20 °C, both the ozone
concentrations and the SOA mass concentrations are captured
by the model in agreement with experiments 10A and 10B.

The modelled SOA mass yields are generally higher than the
experimentally derived values shown in Table S.1.1 This is ex-
pected because the modelled SOA yields use the actual
consumed amount of A’-carene estimated by the model, while
the experimentally derived SOA yields assume that the
consumed concentration of A*-carene is 10 ppb.

The modelled, particle wall-loss corrected SOA yields range
from 11 (20A) to 20% (10B) and are influenced both by the
temperature and the amount of reacted A*-carene. SOA yields
generally decrease with increasing temperature and increase
with the amount of reacted VOC [e.g. ref. 25, 26, 34, 43, 63 and
89]. According to the modelled ozone trends, it is likely that
experiments 0A and 10A had lower initial A’-carene concen-
trations, ~5 and ~6.5 ppb, respectively, while experiments 10B
and 20B had higher initial A*-carene concentrations, ~14 ppb
(Fig. 5, S.14 and S.151). We also used the model to calculate SOA
mass yields for an idealised atmospheric simulation chamber
without dilution and wall losses of particles and gases. These
modelled, atmospherically relevant SOA mass yields range
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between 16% at 20 °C and 32% at 0 °C for experiments where
10 ppb A’-carene is oxidised by ozone and OH without the
presence of UV light.

Consistent with the observations, the modelled relative SOA
mass fractions of cis-3-caric acid and OH-3-caronic acid
increased with decreasing temperatures. The cis-3-caric acid
mass fractions ranged between 17% and 26% and the OH-3-
caronic acid mass fractions between 2% and 5% at the end of
the experiments. Meanwhile, cis-3-caronic acid has a negligible
contribution to the modelled SOA mass, except for experiment
0A where cis-3-caronic acid contributes to 2% of the SOA mass.
The modelled SOA O/C ratios were 0.58-0.60 in experiments
20A-B, 0.52-0.55 in experiments 10A-B and 0.50 in experiment
0A. Thus, it is mainly in the 20A-B experiments that the model
O/C ratios are substantially higher than the observed experi-
mental values (Fig. 2).

3.4 Highly oxygenated organic molecules

HOMs are produced rapidly via autoxidation after injecting A*-
carene into the AURA chamber. Most HOMs are low or
extremely low-volatility organic compounds (ELVOCs), and they
can both form new particles and condense onto chamber walls
or particles contributing to further particle growth.'**>*
Therefore, the observed HOM concentrations in the chamber
are the results of the balance between formation and loss. A
variety of products in the gas phase were detected by the NO;-
CIMS, including both HOM monomers mostly with 8-10 carbon
atoms and HOM dimers with 18-20 carbon atoms.

Fig. 6 shows the time series of two selected HOM monomers
C10H1400 and C;oH;60 in experiments 20B, 10B, and 0A. At the
beginning of each experiment, HOM are rapidly produced while
the condensation sink from new particles is still low, thus we
find C;oH409 and C;oH;60s grow by more than an order of
magnitude within 10 min. After around 20 min, C;,H;409 and
C10H1609 start to decrease because of the increasing conden-
sation sink and loss rate of HOM.

The autoxidation of RO, to form HOM is temperature
dependent, where low temperatures decrease the autoxidation
process, and hence are expected to result in less HOM forma-
tion.”»*> From Fig. 6, it is clear that the temperature at which the
A3-carene ozonolysis took place had a considerable impact on
the HOM concentrations. The signal intensities of C;oH;40¢
and C;0H;609 were up to one order of magnitude higher at 20 °C
compared to 0 °C 10 min after the injection of A*-carene. A
similar result with an even stronger enhancement of HOM
formation at 20 °C was found for ozonolysis of a-pinene by
Quéléver et al® The relative abundance of C,,H;,0, and
C;0H;609 signals increase slightly with decreasing temperatures
indicating the potentially different distributions of HOM at
different temperatures. More details of HOM formation and the
influence of temperature and RH will be reported in a following

paper.

3.5 Partitioning of 3-caronic acid

From the high-resolution peak fitting of the collected FIGAERO-
CIMS dataset, one of the dominant detected compounds is

© 2024 The Author(s). Published by the Royal Society of Chemistry
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C10H160;. The time trends of C;oH;¢0; in the gas and particle e.g. isomers which FIGAERO-CIMS cannot distinguish, but this
phases of experiments 0A and 20B are shown in Fig. 7. The molecular formula corresponds to caronic acid, one of the
molecular formula (C;0H;603) may have different structures, dominant products from A*-carene ozonolysis as also identified
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in the offline analysis (Fig. 4 and S.10%). Thus, here C;oH;053 is
discussed as caronic acid. The total signals of caronic acid
increase with experiment time and peak at around 2 h and then
decrease, primarily due to wall loss of both particles and gases
in the chamber. Comparison of experiments 0A and 20B shows
that an increase in temperature leads to an increase in the
caronic acid formation between experiments at 0 and 20 °C.

The particle fraction of each species can be expressed as
particle-phase fraction (F},), which is a proxy of volatility.> The
Fy, of caronic acid is calculated from the normalised signals in
the gas and the particle phases according to eqn (1) at each time
point.

C10H16O37particle

F, i id) = 1
p(caronic acid) CioHi1603 gas + CioH1603 particie @

The average F,, values of caronic acid from experiments 0A
and 20B are 0.48 and 0.26, respectively, showing a decrease as
the temperature increase. The F,, values of caronic acid from the
chamber study of A*-carene ozonolysis are close to other reports
of observed Fj, values of pinonic acid (0.1-0.3).°** The increase
in F, with decreasing temperature is expected as condensation
of organics is enhanced with decreasing temperature.®*%>°%%7 It
is also in line with previous research for semi-volatile oxidation
products from both ozonolysis of a-pinene®=° and A*-carene.*
Fig. S.111 shows the concentration of cis-3-caronic acid quan-
tified with the offline analysis of experiment 20A. According to
the ADCHAM model experiment 20B was performed with an
increased VOC loading (14 ppb, Table 1 and Section 3.3), which
will increase the resulting fraction of products compared to
experiment 20A (10 ppb, Table 1 and Section 3.3). In agreement
with the FIGAERO data, the concentration of cis-3-caronic acid
measured by offline analysis in the particle phase at 20 °C
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Fig. 7 Normalised signals of ozonolysis product (CioH1603) of A3-
carene in experiments OA and 20B at experiment times 0—-10 min, 56—
66 min, 112-122 min, 168-178 min, and 224-234 min. Signals are
normalised by reagent |~ signal and multiplied with 10°.
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exceeds that of cis-3-caronic acid in the particle phase at 0 °C
until ~120 min. At 150 minutes, the concentration of cis-3-
caronic acid is higher at 0 °C than at 20 °C. A more extensive
investigation of the partitioning of caronic acid and other ozo-
nolysis products produced in the two experiments will be dis-
cussed in a separate paper.

4 Conclusion

In the ACCEPTO campaign, multiple state-of-the-art analysis
methods for both gas phase and particle phase species were
applied to investigate the formation and composition of SOA
from A*-carene.

The SOA formation from ozonolysis of A*-carene does not
show a strong effect of temperature in particle number
concentration or SOA yields, which is in agreement with
previous research on the SOA formation from A*-carene. This is
a surprising finding as the formation of SOA from the struc-
turally similar monoterpene o-pinene exhibits increasing
particle number concentrations and particle mass concentra-
tions with decreasing temperature.

A slight temperature dependence is, however, observed in
the composition of the particle phase, where the mass fractions
of the tentatively identified carboxylic acids cis-3-caric acid, cis-
3-caronic acid, and OH-caronic acid show an increase over time
at 0 °C and a decrease over time at 20 °C. In the gas phase, an
increase in the signal intensity from caronic acid is observed
with increasing temperature. Likewise, the signal intensity from
caronic acid in the particle phase increases slightly with
increasing temperature. The formation of the HOM monomers,
C10H1409 and CyoH;609, are enhanced with increasing
temperature in agreement with previous observations for ozo-
nolysis of a-pinene.

A very large increase in the particle number concentration
and the nucleation rate is observed with increasing RH (80% vs.
0%), while the particle mass concentration is not affected sug-
gesting that the nucleation is driven by inorganics in these
experiments.

The modelled SOA mass concentrations are within the
experimental uncertainties of all experiments and in general,
agree well with the experimental observations.

In conclusion, the experimental results indicate that the SOA
formation from A3-carene is not as dependent on temperature
as the SOA formation from a-pinene, but that there is an effect
of the presence of water vapour. However, the ADCHAM model
simulations of idealised dry atmospheric simulation chamber
conditions, i.e. without wall losses or chamber dilution effects,
show a factor of 2 increase in the SOA mass yields when the
temperature decreases from 20 to 0 °C. Thus, further studies are
needed to explain the mechanisms of the temperature and
water-dependent chemistry for A’-carene ozonolysis and to
quantify the corresponding SOA mass yield dependencies.

Data availability

The data is available upon request. All data is available from the
ATMO-ACCESS Database of Atmospheric Simulation Chamber
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