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Abstract. Particulate matter has major climate and health
impacts, and it is therefore of utmost importance to be able
to measure the composition of these particles to gain insights
into their sources and characteristics. Many methods, both
offline and online, have been employed over the years to
achieve this goal. One of the most recent developments is
the Vaporization Inlet for Aerosols (VIA) coupled to a nitrate
Chemical Ionization Mass Spectrometer (NO3-CIMS), but a
thorough understanding of the VIA-NO3-CIMS system re-
mains incomplete. In this work, we ran a series of tests to as-
sess the impacts from different systems and sampling param-
eters on the detection efficiency of highly oxygenated organic
molecules (HOMs) in the VIA-NO3-CIMS system. Firstly,
we found that the current VIA system (which includes an ac-
tivated carbon denuder and a vaporization tube) efficiently
transmits particles (> 90 % for particles larger than 50 nm)
while also removing gaseous compounds (> 97% for tested
volatile organic compounds — VOCs). One of the main dif-
ferences between the VIA and traditional thermal desorption
(TD) techniques is the very short residence time in the heat-
ing region, on the order of 0.1 s. We found that this short res-

idence time, and the corresponding short contact with heated
surfaces, is likely one of the main reasons why relatively re-
active or weakly bound peroxides, for example, were observ-
able using the VIA. However, the VIA also requires much
higher temperatures in order to fully evaporate the aerosol
components. For example, the evaporation temperature of
ammonium sulfate particles using the VIA was found to be
about 100150 °C higher than in typical TD systems. We also
observed that the evaporation of particles with larger sizes
occurred at slightly higher temperatures compared to smaller
particles. Another major aspect that we investigated was the
gas-phase wall losses of evaporated molecules. With a more
optimized interface between the VIA and the NO3-CIMS, we
were able to greatly decrease wall losses and thus improve
the sensitivity compared to our earlier VIA work. This inter-
face included a dedicated sheath flow unit to cool the heated
sample and provide the NO3-CIMS with the needed high
flow (10Lmin~"). Our results indicate that most organic
molecules observable by the NO3-CIMS can evaporate and
be transported efficiently in the VIA system, but upon con-
tact with the hot walls of the VIA, the molecules are instan-
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taneously lost. This loss potentially leads to fragmentation
products that are not observable by the NO3-CIMS. Ther-
mograms, obtained by scanning the VIA temperature, were
found to be very valuable for both quantification purposes
and for estimating the volatility of the evaporating com-
pounds. We developed a simple one-dimensional model to
account for the evaporation of particles and the temperature-
dependent wall losses of the evaporated molecules, and we
thereby estimate the concentration of HOMs in secondary
organic aerosol (SOA) particles. Overall, our results provide
much-needed insights into the key processes underlying the
VIA-NO;3-CIMS method. Although there are still some lim-
itations that could be addressed through hardware improve-
ments, the VIA-NO3-CIMS system is a very promising and
useful system for fast online measurements of HOMs in the
particle phase.

1 Introduction

Organic aerosol (OA) contributes a large portion (20 %-—
70 %) to atmospheric fine particles in the lower troposphere
(Zhang et al., 2007), but it remains less characterized com-
pared to other particulate components because of its vast
number (> 10* organic species) of constituents (Goldstein
and Galbally, 2007). OA can be directly emitted into the at-
mosphere through various sources (e.g., vehicles, biomass
burning, and daily cooking) as primary OA (POA) and
can be formed through condensation of the oxidation prod-
ucts of volatile organic compounds (VOCs) as secondary
OA (SOA). Recently, highly oxygenated organic molecules
(HOM:s) were found to contribute considerably to SOA for-
mation (Kulmala et al., 2014; Ehn et al., 2014; Jokinen et al.,
2015). These OA particles greatly affect the global climate
and human health (Kuniyal and Guleria, 2019; Déméautis et
al., 2022) and thus need to be well characterized. The tra-
ditional techniques of OA measurement, based on filter col-
lections followed by lab analysis, tend to be limited by low
time resolution (hours to days), sample degradation/evapora-
tion, and incomplete analyte extraction. Thus, the develop-
ment and application of online techniques, with the ability to
track the formation and evolution of organic species in real
time (against rapid change in various sampling conditions),
could improve our ability to understand and model OA over
its entire atmospheric lifetime (Hallquist et al., 2009; Heald
and Kroll, 2020).

Online mass spectrometers (MS) have been widely used
to study the size-resolved chemical composition of aerosol
particles and have greatly improved our understanding of
OA over the past decades, such as the single-particle laser
MS (Murphy, 2007) and the aerodyne aerosol MS (AMS)
based on thermal evaporation (600 °C) and electron impact
(EI) ionization for non-refractory submicron particles (Cana-
garatna et al., 2007). Furthermore, the linear superposition
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and reproducibility of mass spectra of individual components
from EI are crucial for the source apportionment of differ-
ent OA factors (Zhang et al., 2011). However, the significant
fragmentation introduced by these hard ionization techniques
makes the identification of parent molecules difficult, even
in relatively well-controlled lab experiments. Soft ionization,
especially chemical ionization (CI), is one of the solutions to
achieve “near-molecular-level” measurements of gaseous or-
ganic species in trace concentrations (Huey, 2007; Zahardis
etal., 2011). One advantage of soft ionization (i.e., less frag-
mentation) lies in the potential to identify molecular markers
to track emission sources and oxidation pathways of different
organic species in the gas phase. The detection of OA usually
involves the vaporization of particles with subsequent ion-
ization of the resulting gas-phase compounds and analysis
by a mass spectrometer. A temperature-programmed thermal
desorption analysis could be used to obtain the volatility in-
formation of different OA components (Stark et al., 2017;
Thornton et al., 2020). In addition, gas-to-particle partition-
ing could be investigated by deploying simultaneous gas- and
particle-phase measurements, but the results need to be care-
fully interpreted (Stark et al., 2017; Gkatzelis et al., 2018).
For example, thermal decomposition may bias the real distri-
bution of particle-phase products, and there is the possibility
that the same molecular formulas identified in both the gas
and particle phases are in fact isomers (Isaacman-Vanwertz
etal., 2017).

Currently widely used online molecular-level techniques
are summarized in Table S1 in the Supplement and briefly
described below. The thermal desorption chemical ioniza-
tion mass spectrometer (TDCIMS), using a charged metal
filament to effectively collect sub-20 nm particles, was de-
signed to obtain the chemical composition of freshly nucle-
ated ultrafine particles (Voisin et al., 2003; Smith et al., 2004;
Li et al., 2021). Another aerosol CIMS technique, which
thermally vaporizes particles in a heated tube without size-
selecting, was deployed to detect organic molecules with
different functionalities using various positive and negative
reagent ions (e.g., NOt, HT (H,0)?, 05, and F7) (Hearn
and Smith, 2004, 2006) but with a relatively higher detection
limit compared to other techniques. The filter inlet for gases
and aerosols (FIGAERO)-CIMS, using a Teflon (PTFE) fil-
ter, is capable of achieving a unit collection efficiency of
particles and simultaneous gas- and particle-phase measure-
ments down to parts per trillion levels (Lopez-Hilfiker et
al., 2014). However, potential perturbation owing to the ab-
sorption of semi-volatile and low-volatility vapors onto the
Teflon surface might be an issue (Matsunaga and Ziemann,
2010; Krechmer et al., 2016), although it can be minimized
to large extents by using a pre-stage filter for blank measure-
ments (Lopez-Hilfiker et al., 2014; Thornton et al., 2020).
Without pre-collection, a chemical analysis of aerosol online
(CHARON) inlet (Eichler et al., 2015) coupled with a proton
transfer reaction (PTR) MS (Yuan et al., 2017) was used to
detect VOCs and oxygenated (O)VOC:s in the particle phase.
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The separation of particles from the gas phase is achieved
by using a charcoal denuder, and this system can resolve
20 %-30 % of the SOA mass (based on comparison to the
AMS measurements) almost without thermal decomposition
(Gkatzelis et al., 2018). However, the protonation-induced
ionic fragmentation of oxygenated organic molecules, in par-
ticular peroxides, might be enhanced by high-energy colli-
sions in the strong electric field of the ion drift tube. This
was confirmed by both experimental studies and theoretical
computations (Miiller et al., 2017; Li et al., 2022; Peng et
al., 2023), limiting its detection of the most oxidized species.
Recently, an extractive electrospray ionization (EESI) inlet
was designed to extract OA samples into charged droplets,
thereby preventing thermal decomposition and ion-induced
fragmentation (Lopez-Hilfiker et al., 2019). This technique
was subsequently upgraded to a dual-phase version, which
is now capable of measuring both gas- and particle-phase
species but with different response factors (Lee et al., 2022).

The most recent addition to the suite of instrumentation
used to measure aerosol components is the Vaporization
Inlet for Aerosols (VIA) coupled with a nitrate-ion-based
(NO3-based) CIMS (NO3-CIMS) (Hékkinen et al., 2023).
The NO3-CIMS is routinely used to detect HOMs (i.e., the
most oxidized organic species from the gas phase), which are
known to be important contributors to OA in the atmosphere.
Coupled with the new VIA system, the NO3-CIMS has been
shown to also be able to detect HOMs from particles. The
paper by Hékkinen et al. (2023), as a proof-of-concept work,
presents the fact that without sample collection, continu-
ous thermal desorption and online detection of particle-phase
HOMs are feasible after removing the gaseous compounds.
By coupling the VIA with a NO3-CIMS, the detection lim-
its were reported below 1ngm™> for a single HOM com-
pound (Hikkinen et al., 2023), and the relationship between
the gas- and particle-phase HOMs from «-pinene ozonolysis
was systematically studied in a separate work (Zhao et al.,
2023). These studies suggested potential particle-phase reac-
tions to explain the discrepancies between the two phases.
Unfortunately, the effects of the thermal desorption process
on HOM detection (e.g., temperature-dependent sensitivity
of different HOM species) and vapor losses within the VIA
were unclear back then, limiting a quantitative investigation
of the particle-phase HOMs in SOA. Therefore, a thorough
characterization of the entire system is needed to better un-
derstand the mass spectra it provides.

In this work, we performed an extensive characteriza-
tion of the VIA-NO3-CIMS system to quantify the con-
centrations of particle-phase HOMs, formed in the «-pinene
(C10Hj6) ozonolysis system. In order to minimize the vapor
losses of those (extremely) low-volatility HOM species after
the VIA, a dedicated sheath flow unit (as shown in Fig. 1,
part 3) was designed as the main hardware update from the
initial version of the VIA (H#kkinen et al., 2023). Then, we
evaluated the performance of the different components of
the VIA setup and the interface to the NO3-CIMS and fur-
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Figure 1. A schematic diagram of the new VIA inlet including
(1) a gas-phase denuder (length: ~ 10cm), (2) a vaporization tube
(length: ~40cm), and (3) a sheath flow unit (length: ~ 5 cm). The
green arrows indicate the direction of the sampling flow, and the
figures are not drawn to scale with their physical dimensions.

ther characterized how the signals changed as a function of
variations in different parameters of the VIA and the sam-
ple, including evaporation temperature, flow rates, and par-
ticle sizes. In addition, by scanning the VIA temperature,
we investigated the fact that volatility information can be in-
ferred from the measured thermograms. The homogeneous
series of polyethylene glycol (PEG) was used to evaluate
the volatility measurements. Finally, we constructed a sim-
ple one-dimensional model to estimate the concentration of
the sampled particles by accounting for vapor losses within
the VIA vaporization tube.

2 Instrumentation and experiments
2.1 Vaporization Inlet for Aerosols (VIA)

The VIA (Vaporization Inlet for Aerosols, Aerodyne Re-
search, Inc.) was designed to provide online measurements
of compounds in the particle phase and to be coupled with
different types of gas monitors for analysis, e.g., chemical
ionization mass spectrometers. Its current commercial ver-
sion contains the first two parts in Fig. 1, i.e., an activated
carbon gas denuder to remove the gas compounds and a va-
porization tube for particle evaporation, and the coupling of
this VIA with a NO3-CIMS has been described by Hikkinen
et al. (2023). The sheath flow unit was designed in this work
to minimize the wall loss of the evaporated hot vapors.

2.1.1 Gas-phase denuder

A honeycomb-channeled activated carbon gas denuder
(Fig. 1) is deployed to remove gas compounds while trans-
mitting particles. The cylindrical gas denuder (length: 4 cm,
outer diameter: 2cm) is mounted in a plated aluminum
holder, the two halves of which are sealed with a Viton O-
ring and have external 1/4 in. tube ends (i.e., outer diameter:
0.64 cm). The activated carbon denuder can be regenerated
by flushing through clean air of ~ 100 °C for at least 4 h.
The gas-phase removal efficiency was evaluated with a
certified gas-phase mixture of 13 volatile organic compounds
(VOCs) diluted into nitrogen gas in a cylinder (Apel-Riemer
Environmental Inc., USA) containing acetaldehyde, acetone,
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isoprene, methyl vinyl ketone (MVK), methyl ethyl ketone
(MEK), benzene, toluene, hexanal, m-xylene, p-xylene, a-
pinene, 1,3,4-trimethylbenzene, and naphthalene (detailed
information in Table S2 in the Supplement). The particle
transmission efficiency of the gas denuder was evaluated
by using monodispersed ammonium sulfate (AS, Sigma-
Aldrich) particles (20700 nm) generated from an atomizer
(Aerosol Generator ATM 220, TOPAS, Germany). The re-
sults of the above tests will be discussed in Sect. 3.1.1.

2.1.2 Vaporization tube

A vaporization tube (length: 40 cm, outer diameter: 0.64 cm),
made of Sulfinert-coated stainless steel (i.e., bonding an in-
ert silica layer into the surface) and covered by a 24V re-
sistive heating element and glass-wool insulation, is used to
initiate the evaporation of particles (Fig. 1). A thermocouple
attached to the surface of this vaporization tube was used to
monitor the temperature, and the recorded temperature was
used for thermogram analysis. The heating temperature can
be manually set to a fixed value (25-350 °C) or connected to
a Vocus instrument (Tofwerk AG) or an Eyeon box (Aero-
dyne Research, Inc.) to be programmed either in the ramping
mode (i.e., continuously heating up within minutes to hours)
or in the step mode (i.e., jumping among several temperature
stages). The Eyeon software uses a proportional-integral-
derivative controller based on the monitored temperature to
adjust the voltage output applied to the heating element to
closely follow the setting values. In addition, volatility in-
formation could be estimated based on the ramping mode
dataset (i.e., thermograms) and will be discussed in Sect. 3.2.

The gas and particle transmission efficiency of the va-
porization tube at different temperatures (25, 100, 200, and
300°C) was evaluated by using the same VOC cylinder
described in Sect. 2.1.1 and monodispersed sodium chlo-
ride (NaCl, Sigma-Aldrich, 20-700 nm) particles generated
from an atomizer, respectively. The results will be discussed
in Sect. 3.1.2.

2.1.3 Sheath flow unit

A sheath flow unit (Fig. 1) was designed in this work to cool
down the sampling flow and minimize the wall loss of the
evaporated vapors after the vaporization tube. Meanwhile,
the sheath flow is also necessary to compensate for instru-
ment configurations that need a large inlet flow (e.g., atmo-
spheric pressure source such as an Eisele-type NO3-CIMS;
Eisele and Tanner, 1993). Previously, a cross-fitting unit was
used for the connection, and large vapor losses were inferred
from the concentration comparisons between the measured
HOM vapor and evaporated particles (Hiakkinen et al., 2023;
Zhao et al., 2023). In this newly designed piece, zero air or
pure Ny can be used as a sheath flow, which merges with the
central sampling flow after a dense stainless-steel mesh (to
keep the sheath flow as laminar as possible). Nevertheless,
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the tubing length before and after the sheath flow unit and
the ratio of flow rates between the sampling and sheath line
through this unit were found to be two critical factors that
affect the final sensitivity of this entire system. The results
will be discussed in Sect. 3.1.3. Note that the current version
of this sheath flow unit, with a 3/4in. (i.e., outer diameter:
1.9 cm) output, was designed for the Eisele-type nitrate CI
inlet (Eisele and Tanner, 1993).

2.2 Other instrumentation

In this section, the instruments used for the characterization
of the VIA are described in detail. A NO3-CIMS (Tofwerk
AG/Aerodyne Research, Inc.) was coupled with the VIA to
detect particle-phase HOMs with high selectivity and sensi-
tivity (Jokinen et al., 2012; Ehn et al., 2014). The sampling
flow is 10 L min~! along with 20 L min~! of sheath flow to
minimize the wall loss of HOMs within the CI inlet. A soft
X-ray source was used to ionize HNO3 to nitrate ions, which
were directed from the sheath flow into the sampling flow
by an electric field. The NO3-CIMS was equipped with a
long time-of-flight mass spectrometer, providing a mass res-
olution of ~ 8500 above 125 Th. The calibration was con-
ducted using sulfuric acid (SA) formed by the oxidation of
SO, by OH (Kurten et al., 2012), and a calibration factor of
4% 10%cm™3 (£50 %) was obtained to convert the raw sig-
nals of HOMs (normalized by the sum of reagent ions) to
concentrations.

A proton transfer reaction time-of-flight mass spectrom-
eter (PTR-TOF 8000, Ionicon Analytik GmbH) along with
the calibration cylinder of 13 VOC standards (described in
Sect. 2.1.1) was used to evaluate the removal efficiency of the
gas-phase denuder and the transmission efficiency of the va-
porization tube. A detailed description of the PTR-TOF was
given by Jordan et al. (2009). The inlet flow is 1 L min~! with
0.1 L min~! being subsampled into the ion drift tube, which
was operated at a pressure of ~ 2.6 mbar, a temperature of
60 °C, and a voltage of 600V (with reduced electrical field
strength parameter E/N of 115 Td). Based on these settings,
the primary ion isotope H%g‘OJr (at 21 Th) was 5800 counts
per second (cps) and the mass resolution at 137 Th (C10HT7)
was ~4500.

A long time-of-flight aerosol mass spectrometer (LTOF-
AMS, Aerodyne Research, Inc.) was used to measure the
mass concentration of SOA, with a mass resolution of
~8000. Using an aerodynamic lens to focus particles and
thermal evaporation (600 °C) followed by electron impact
ionization (70 eV), the mass concentration of submicron OA
and inorganic particles can be obtained (Decarlo et al., 2006;
Canagaratna et al., 2007). The ionization efficiency of AMS
was calibrated by using 300 nm ammonium nitrate parti-
cles, and the default relative ionization efficiency of 1.4 was
used for organics. Note that the above mass spectra datasets
were analyzed either by the MATLAB-based tofTool (ver-
sion 607) package or the Igor-based Tofware (Tofware_v3_
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2_3) and ToOFAMS (ToF_AMS_HRAnalysis_v1_25A) pack-
ages. In addition, a custom-made Vienna-type differential
mobility analyzer (DMA, 10-800 nm) (Reischl et al., 1997)
and a commercial condensation particle counter (CPC 3750,
TSI) were used to measure the size distribution of aerosol
particles. The inner and outer radii of the DMA electrodes
are 2.5 and 3.3 cm, respectively, with the effective electrode
length being 28 cm.

2.3 Experiments

In order to characterize the performance of this VIA-NOs3-
CIMS system, we used several stable particle sources as the
input (summarized in Table S3). First, a single-component
solution of AS was used to generate monodispersed aerosol
particles. Different sizes and number concentrations of AS
particles were used to evaluate the evaporation and detection
efficiency of the system. Next, a solution of polyethylene
glycol mixtures (PEG 400, which is a mixture of different
PEG oligomers with an average molar mass between 380—
420 gmol~") was used to evaluate the volatility measure-
ments. The homogeneous series of PEGs was recommended
and used by previous studies as benchmark molecules for
volatility measurements, owing to their chemical and thermal
stability (Krieger et al., 2018; Bannan et al., 2019). PEGs are
in the liquid phase at room and measurement temperatures
and thus can be easily prepared and used to mimic the lig-
uid or amorphous solid OA particles (Cappa et al., 2008).
On the other hand, the intra-consistency of different organic
compounds with a large variety of volatility ranges using cur-
rent techniques is usually much better than intercomparisons
of the same compounds among different techniques (Bilde
et al., 2015). Thus, PEGs can be used to evaluate the sys-
tematic bias related to different instruments and systems. In
addition, a potential aerosol mass (PAM) oxidation flow re-
actor (~ 13 L, stainless steel) was used to generate a multi-
component organic mixture, with SOA mass concentrations
ranging from 7.23 to 94.4 ug m™—> from «-pinene ozonolysis
under dry conditions. The total flow rate through the PAM
reactor was 8 L min~!, resulting in a residence of ~ 1.6 min.
For a more detailed concept and description of the PAM,
please refer to previous works (Kang et al., 2007; Lambe et
al., 2011). Note that the identified HOM species, with six or
more oxygen numbers from the a-pinene ozonolysis reac-
tions (Bianchi et al., 2019), were grouped into different car-
bon number families as described in Zhao et al. (2023). HOM
monomer and HOM dimer (i.e., dimetric accretion products)
refer to Cg—C1o and C16—Co0 compounds, respectively, while
the peaks of other carbon numbers observed are named as
”HOM others” in the following discussion.
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Figure 2. Measured (solid lines, 10s dataset) and fitted (dashed
lines) thermograms for HpSO4 (sulfuric acid), CioH(409, and
C17H2601;.

2.4 Description of the fitting method for the
thermograms

Thermograms can be obtained during temperature-
programmed thermal desorption. The observed vapor
concentration of a given compound is determined by its
evaporation from the particles and losses of the evaporated
vapors. In the FIGAERO design, a limited quantity of
particles are collected on the Teflon filter and a maximum of
the vapor signal is observed after the full evaporation of that
compound (Lopez-Hilfiker et al., 2014). The temperature
corresponding to that maximum in the thermogram (7Tiax) is
related to its volatility (Schobesberger et al., 2018; Thornton
et al., 2020). In the VIA, real-time evaporation of particles
is achieved without pre-collection. Assuming negligible
losses of vapors within the vaporization tube, we expect that
the evaporated fraction of aerosol particles will increase as
the VIA temperature rises and reaches a plateau (instead
of a single maximum) after full evaporation. The plateau is
expected since the vaporization tube is constantly supplied
with new particles in the sampling flow through the VIA.
Therefore, there will be no decrease in the signal due to
it running out of mass to evaporate. This sigmoid-shaped
thermogram was obtained when using ammonium sulfate as
the particle source in the experiments, during which sulfuric
acid was generated and measured using the VIA-NO3-CIMS
system (Fig. 2).

In order to simulate the thermogram, the temperature-
dependent rate of evaporation of compound X from the par-
ticle phase is adapted from the one used by Schobesberger et
al. (2018):

d[X]pa.rlicle _ . T* 1 1
—a - _[X]partlcleﬁ TO - exp (—k (m - F)) . (D)
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where T* and k are the free parameters to be fitted based on
the measurements. The temperature inside the vaporization
tube as a function of time 7'(t) is obtainable by combining
the temperature profile inside the tube (Fig. S1) with the flow
rate as a function of temperature. A more detailed description
of Eq. (1) is given in Sect. S1. Then, the evaporated concen-
tration of compound [ X ]evaporated can be described by

[X]evaporated =[Xlo— [X]particle =[X1lo —[Xlo

1
exp / \/T(r ) T(t) T*))dt’ @

where [X]o is the initial mass concentration of compound X
in the particle phase, which also needs to be fitted, and 7 is
the total residence time in the vaporization tube. The fitting of
SA signals using this model shows good agreement with the
SA measurements (Fig. 2). In contrast to the SA experiments,
HOMs (multifunctional organic compounds evaporated from
SOA particles) may be lost upon impacting the hot walls of
the vaporization tube. Indeed, thermograms which look like
those obtained by the FIGAERO system were also measured
for HOM compounds using the VIA-NO3-CIMS system. We
assume this is owing to the vapor losses within the vapor-
ization tube, with earlier evaporation in the tube causing a
larger fraction of a compound to be lost, thus reaching a sin-
gle maximum (at Tp,x) during the thermal desorption ramp
(examples shown as orange and blue lines in Fig. 2). It is
important to note that the mechanism behind the shape and
peak of the VIA thermogram is entirely different from the
FIGAERO system’s. For any organic compound X, the rate
of the impacts is assumed to be proportional to its diffusion
coefficient Dx and gas-phase concentration [X]g, as

d[Xx] as d[x] article

=~ Dx(D X, 3)
where a proportionality constant ¢ is included in the model.
The ¢ constant is assumed to be instrument specific and con-
stant for different temperatures and compounds, and it was
determined by manually checking the thermograms for sev-
eral different compounds (Fig. S2). Note that a manual ap-
proach for determining ¢ was preferred to ensure the qual-
ity of the thermograms used. Dx (T') was obtained using the
Fuller method (Fuller et al., 1966; Tang et al., 2014), which
has previously been used for determining the diffusion coef-
ficients of HOMs (Perikyli et al., 2020). The free parameters
([X]o, T*, and k) were determined by a least-square fit of the
numeric solution of [X]g,s from Eq. (3) to thermogram data
(dashed lines in Fig. 2). The corrected signal (i.e., without
vapor losses) is then given by the fitted value of [X],. This
model for correcting the signal is one-dimensional and does
not account for any radial variations in temperature and flow
rate. Our model only includes a “bulk” aerosol mass; i.e., it
does not account for different particle sizes or any kinetic
limitations that may exist in the particles. Effects of thermal
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decomposition of molecules in advance of interaction with
the walls are not included. A more detailed explanation of the
fitting results for the thermogram of sulfuric acid and HOM
species is given in Sect. 3.3.1.

3 Results and discussion
3.1 Characterization of the VIA inlet
3.1.1 The gas-phase denuder

Gas removal efficiency and particle transmission efficiency
are the two key parameters to evaluate the performance
of a gas denuder. Based on the PTR-TOF measurements
(Figs. S3a and S4) with a flow rate of 1L min~!, removal
efficiencies of 97.2 %—99.9 % were observed for 13 differ-
ent VOCs (~ 8 ppb) under dry conditions (relative humidity
< 1%). In addition, ~ 80 % of 500-800 ppb «-pinene and
>95% of 4 ppm O3 were removed (with a 1.5 L min~! flow
rate) during one test within the PAM chamber. However, we
observed a degraded performance of VOC removal under
humid conditions (relative humidity around 73 %) and dur-
ing continuous exposure to ~ 130 ppb of VOC mixture after
several hours (Table S4 and Fig. S5). In addition, the per-
formance of an old gas denuder, which has been regener-
ated many times, tends to decrease compared to a new one.
Overall, we recommend future users keep track of the perfor-
mance of gas denuders during long-term usage, in particular
under humid conditions. Based on the CPC measurements of
monodispersed AS particles (20-700 nm, Fig. S3b), particle
losses within the gas denuder are less than 5 % for particles
above 50 nm. Overall, this honeycomb-activated carbon gas
denuder is expected to work effectively under various lab and
field conditions.

3.1.2 The vaporization tube

Residence time, as a function of flow rates for a given tub-
ing dimension, within the vaporization tube is a crucial pa-
rameter for its design (Burtscher et al., 2001). A longer resi-
dence means better evaporation but may result in more parti-
cle losses (including wall loss and potential thermal decom-
position), while a shorter residence time may lead to incom-
plete vaporization. For example, it has been found that the
temperature needed to fully evaporate AS particles increases
with the decrease in residence time and the increase in par-
ticle size, which may lead to some inconsistencies among
different volatility measurements (Burtscher et al., 2001; An
et al., 2007; Faulhaber et al., 2009).

The residence time within the VIA vaporization tube is es-
timated to be within a range of 0.045-0.36 s with working
flow rates of 1-4 L min~! and temperatures used during the
experiments (Fig. 3a). Since only ~ 40% of the vaporization
tube could reach the set temperatures (Fig. 3b), the effec-
tive residence time (for evaporation) would be roughly half
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Figure 3. (a) Residence time and Reynolds number as a function
of volumetric flow rate (at the input side of the vaporization tube).
(b) Temperature profile within the vaporization tube monitored with
different flow rates. The temperatures were measured by inserting
a thermocouple in the 1/4 in. vaporization tube, and the comparable
temperature profiles at different flow rates might be partly explained
by the thermocouple touching the tubing wall.

of the above estimations. The residence time is much shorter
than those (9-63 s) used in previous thermodenuder designs
(Burtscher et al., 2001; Wehner et al., 2002; An et al., 2007,
Huffman et al., 2008), which focused on measuring the non-
volatile part of the particles at different temperatures. Con-
sequently, much higher temperatures (~ 300 °C, Fig. 4a) are
needed to fully evaporate AS particles than those reported by
previous TD studies, e.g., 150180 °C for 100 nm AS parti-
cles (Burtscher et al., 2001; An et al., 2007).

Assuming that the flow within the VIA vaporization tube
is laminar (Reynolds number < 1300, Fig. 3a), particle losses
mainly include diffusion, sedimentation, and thermophoresis
onto the tube walls. All of these processes are particle-size-,
temperature-, and residence-time-dependent. In the follow-
ing discussion, we will evaluate the particle loss with a flow
rate of 1L min~! as a lower limit of the particle transmis-
sion efficiency, because higher flow rates (with a smaller resi-
dence time) will generally decrease particle losses. First, sed-
iment loss increases with the increase in particle size. For a
1 um spherical NaCl particle at 25 °C as the worst scenario,
the settling velocity is calculated to be 7.74 x 1073 cms~1.
With a residence time of 0.36s, the settling distance is
2.8x1073 cm, which is much smaller than the inner diam-
eter of the vaporization tubing (by a factor of ~ 155). Thus,
the effect of sedimentation is negligible. Second, diffusive
loss increases with the decrease in particle size. For a 10 nm
spherical NaCl particle at 300 °C as the worst scenario, the
diffusion constant D is about 6.7 x 10™* cm? s~! and the
root mean square displacement by diffusion Y is calculated
to be 2.2 x 1072 cm, which is much smaller than the inner
diameter of the tube (by a factor of ~20). Thus, the effect
of particle diffusion should also be negligible. Lastly, ther-
mophoresis will force the particles to the centerline, which
partly compensates for the diffusion and sedimentation (Vil-
lani et al., 2007). Overall, the above rough estimations give
an upper limit of the particle loss within the vaporization
tube. The detailed calculations are given in Sect. S2.

Comparable to our above estimation, the CPC measure-
ments (Fig. S6b of monodispersed NaCl particles, which are
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20-700 nm) showed particle losses < 10 % with a slight in-
crease as the VIA temperature increases. Similar results were
reported from previous TD studies (Wehner et al., 2002;
Huffman et al., 2008). The lowest particle transmission ef-
ficiency (89.5 %) was observed for 300 nm NaCl particles at
300 °C. Thus, the particle loss through processes other than
thermal evaporation will not affect the results largely. On the
other hand, near-unity transmission efficiency for most of the
VOC standards was observed based on the PTR-TOF mea-
surements (Figs. S4 and S6a), indicating that this VIA sys-
tem can perform well if mounted in front of a PTR-TOF to
measure less oxidized organic species. The increase in some
VOC species at high temperatures was mainly owing to the
evaporation of those gases, condensed at low-temperature
stages, from the tubing wall. Differently, the losses of more
oxidized organic species (e.g., HOMs) within this vaporiza-
tion tube were observed and will be discussed in Sect. 3.2.

3.1.3 The sheath flow unit

After thermal desorption, vapor transmission is the key pa-
rameter that determines the sensitivity of the entire system.
Within the sheath flow unit, a sheath flow was supplied to
cool down the sampling flow and minimize the wall loss of
the hot vapors during the transport for analysis. In addition,
the sheath flow is needed to compensate for the 10 L min~!
inlet flow of the NO3-CIMS. Compared to the evaporated or-
ganic/inorganic vapors, the diffusion of air is faster, which
results in a rapid temperature drop between the vaporiza-
tion tube and the sheath flow unit. Consequently, turbulence
(along with thermophoretic losses) and recondensation of hot
vapors may take place in the cooling area (Fierz et al., 2007).
Thus, the sheath flow unit needs to be supplied immediately
as the evaporated vapors exit the vaporization tube to mini-
mize their wall losses.

However, we found that directly connecting the VIA va-
porization tube to the sheath flow unit will lead to a signif-
icant drop in the total ion counts of the NO3-CIMS, possi-
bly owing to the formation of turbulence, after mixing the
hot sampling flow with the cooler sheath flow, in the CI in-
let tubing. Using a piece of stainless-steel tubing (length: 5,
15, or 30 cm; outer diameter: 1.2 cm, as a cooling tube be-
fore the sheath flow unit) to cool the sampling flow down
before mixing with the sheath flow could help to reduce the
turbulence. Alternatively, using longer inlet tubing (75 cm
vs. 40 cm, after the sheath flow unit) for the NO3-CIMS, with
the shortest cooling tube (5 cm), also helped to decrease the
effects of turbulence. As shown in Fig. S7, this setup (pur-
ple markers) gave the best sensitivity among different setups
and showed consistency of sulfuric acid mass concentrations
between the SMPS and NO3;-CIMS measurements, indicat-
ing that the nucleation/recondensation of the evaporated va-
pors might not be an issue. Furthermore, comparable ther-
mograms were observed between the SMPS and NO3-CIMS
measurements (Fig. 4b), confirming the negligible losses of
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Figure 4. Evaluation of the detection efficiency of the VIA for
(a) size-selected (50-300nm) ammonium sulfate particles with a
fixed setup (i.e., 5cm cooling and 40 cm inlet tube) and (b) dif-
ferent setups with 100 nm ammonium sulfate particles. The SMPS
measurements in panels (a) and (b) were corrected for the size-
dependent transmission efficiency (details in Fig. S8). The effects of
different sampling flow rates on the sensitivity of the system with
(¢) zero air and (d) stable SOA (14 +1.5ug m73) input at three
different temperatures are shown. HOM signals were normalized to
the reagent ions and the dilution factors of different flow ratios were
applied for HOM signals for more straight comparisons in panel
(d) and in Fig. S9.

sulfuric acid after evaporation. Nevertheless, a slight delay
of the evaporation was observed with the increases in parti-
cle sizes (Fig. 4a). Multiple charged particles might play a
role in this delay (based on our quick tests), but nearly full
evaporation of 300 nm AS particles at 300 °C is already good
enough for most lab and field experiments; thus, we did not
put much effort into digging into the details.

In addition to the length of the cooling and inlet tubing
(i.e., the temperature effects on mixing flows), the flow ratios
between the sampling flow (1.5-4 L min~!) and the sheath
flow (8.5-6 L min~1), which together make up the total in-
let flow of 10Lmin~!, could also affect the sensitivity of
the VIA-NO3-CIMS system. During the zero-air test, the
temperature effect is not significant owing to the usage of
a 15 cm cooling tube (yellow markers vs. red and blue mark-
ers in Fig. 4c). Thus, the decrease in total reagent ion sig-
nals (i.e., the sum of nitrate monomer, dimer, and trimer) is
mainly owing to the turbulence caused by mixing flows of
different flow rates, altering the total ion counts by a factor of
5-6, despite the usage of flow meshes to keep the sheath flow
as laminar as possible. This result highlights a well-known
issue in the CIMS community that the Eisele-type nitrate CI
inlet is super sensitive to flow arrangements.

The optimal sampling flow rate was observed around 2.5—
3.5Lmin~! for the highest total ion counts, and similar
trends were observed for particle-phase HOM measurements
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(Figs. 4d and S9). For example, although the C17H»¢Os sig-
nal increased significantly with temperature because of en-
hanced evaporation, the relative changes in signals for dif-
ferent flow rates were similar for all temperatures. Further-
more, these relative changes among different HOM species
(i.e., the distribution of measured HOM species) started to
stabilize when the sampling flow through the VIA exceeded
2.5Lmin~! (Fig. S10). The reason for an optimal flow ratio
of around 3-7 is related to the current physical dimensions of
this sheath flow piece, which were designed to minimize tur-
bulence after flow mixing, with a face velocity ratio of 1.25
between the sample and sheath flow. Note that a sampling
flow of 3L min~! was used in the experiments discussed in
the following sections.

3.2 Thermogram

In this section, we investigated the performance of the VIA-
NO3-CIMS system when sampling from a stable aerosol
source (a PAM oxidation flow reactor for SOA particles or
an atomizer for size-selected particles). The VIA used in this
work can be operated by ramping the desorption tempera-
ture from 25 to 350 °C in the ramping mode or by setting
the temperature to several temperature steps of interest in the
steps mode. The particle-phase HOM signals measured be-
tween these two modes are compared in Fig. 5, where the
thermogram of some HOM monomers (Cg—Cjg with Tpax
~100-150°C) and dimers (Ci6—Cpo with Tpax > 200 °C)
are shown. In general, both the thermograms of most low-
volatility HOM species (Fig. 5a) and the distribution of bulk
HOM compounds (Fig. 5b, c) between these two modes
are quite comparable, although the total HOM signals ob-
tained in the steps mode are ~ 18 % lower than in the
ramping mode. The lower HOM concentrations observed
in the step mode can be partly explained by lower SOA
mass concentrations compared to the ramping mode mea-
surements (Fig. S11). In addition, the largest difference is
on the thermograms of relatively high-volatility compounds
(e.g., CsH10Og and CoH1207), which are less selective by
the NO3-CIMS (Hyttinen et al., 2015).

3.2.1 Volatility

Figure 5a shows a very interesting trend of decreasing
HOM signals after reaching their maximums as described in
Sect. 2.4. This decrease at high temperatures can be largely
explained by vapor losses after evaporation within the va-
porization tube, but this is not the case for sulfuric acid and
VOCs as discussed in Sects. 2.4 and 3.1.2, respectively. In
particular, for each HOM compound, lower temperatures are
not enough to fully evaporate the particle phase, while higher
temperatures might cause earlier evaporation within the va-
porization tube, thus with larger losses (i.e., HOM vapors
collide with the walls and decompose). Therefore, the maxi-
mum signal (and corresponding Tiax) in the measured ther-
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Figure 5. Comparison of measurements obtained between the
ramping and the step mode for (a) the thermogram of some chosen
HOM monomers and dimers and (b, ¢) the relative contributions of
different C number families to the total HOM signals. In panel (a),
smoothed signals are shown for the ramping mode (LOESS algo-
rithm with a bandwidth of 0.25 and the second-order local polyno-
mial was used), while the mean (diamond markers) and standard
deviation (bottom and top whiskers) are shown for the step mode.
The thermograms are normalized to the reagent ions first and then
to their maximums. The raw signals of the same dataset are given
in Fig. S11.

mogram is determined by the balance between the evapora-
tion rate and the loss rate. Here, we suspect that the ther-
mal decomposition of HOM vapors upon the hot walls domi-
nates the loss term because both HOM monomers and dimers
largely consist of similar functional groups (e.g., carbonyls,
alcohols, and peroxides). If decomposition was purely a
function of temperature, and Ci9H 407 started to decom-
pose around 100 °C and lose ~ 70 % around 150 °C (Fig. 5a),
we would not expect to see any HOMs above 200 °C. How-
ever, some dimers only start to show up at this tempera-
ture, suggesting that there has been only a marginal loss
of these compounds before evaporation; i.e., rapid particle-
phase decomposition was negligible. Similarly, we did not
feel that rapid gas-phase decomposition should be expected
either. However, contact with a hot metal surface could be
expected to lead to fast decomposition, as the heat transfer to
the molecule is likely to be much larger in this case. In addi-
tion, as discussed in Sect. 3.3, our model was able to capture
the thermogram shape with the assumption of efficient wall
thermal decomposition.

In Fig. 5a, HOM compounds containing more carbon
and oxygen atoms tend to show higher Thax (i.e., lower
volatility), and this trend is conserved within the C;oH140,
and CyioH;6O; families (Fig. 6a, b) as well. The mea-
sured Tmax of these compounds is related to their sat-
uration vapor concentrations (Fig. 6c) estimated using
the composition-determined empirical expression given in
Perikyld et al. (2020), indicating that Ti,,« can be used to rep-
resent the volatility of measured organic compounds as used
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Figure 6. Thermogram of (a) C;gH40¢—12, (b) C19H1606-11,
and (d, e) polyethylene glycols (PEGs). (¢) The scattering plot of
Tmax obtained from panels (a) and (b) vs. the estimated satura-
tion vapor concentration using the composition-determined empir-
ical expression in Perikyld et al. (2020). (f) Timax as a function of
molecular mass (atomic mass unit) for PEGs measured by the VIA—
NO3-CIMS system and the FIGAERO-iodide-CIMS (Ylisirni6 et
al., 2021).

in the FIGAERO measurements (Lopez-Hilfiker et al., 2014).
Next, the homogeneous series of PEGs was used (Fig. 6d—f)
to compare the volatility measurements between the VIA-
NO3-CIMS system (identified PEG peaks are summarized in
Table S5) and the FIGAERO-iodide-CIMS (Ylisirni6 et al.,
2021) system. Similar to the ammonium sulfate experiments
discussed in Sect. 3.1.2, by using a millisecond residence
time within the VIA heating tube, a much higher Tih,x was
obtained compared to other thermal desorption techniques
(e.g., the FIGAERO and TD systems). In the FIGAERO sys-
tem, the collected particles are continuously heated up (10—
50 Kmin") on the filter. For the VIA, the time spent above
a given temperature is an appropriate factor that can be used
for determining the evaporation (Fig. S12). Furthermore, the
very short residence time of the VIA can explain the shift
of the Thax to higher values for PEGs (Fig. 6f) and HOMs
(Fig. 7a) compared to previous FIGAERO measurements
(Ylisirni6 et al., 2020, 2021). Nevertheless, a near-perfect
linear relationship of measured Tiyax for the PEGs was found
between these two systems (Fig. S13), indicating the poten-
tial to infer volatility from the measured thermograms using
the VIA-NO3-CIMS system.

Another very interesting feature of the thermograms is
that most of the HOMs, including monomers, only showed
a single mode. Comparable or even slightly higher contri-
butions of HOM dimers than monomers were observed in
this (Fig. 9) and previous VIA works (Hékkinen et al., 2023;
Zhao et al., 2023). These results suggest that thermal decom-
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position products are rarely detected by the VIA-NO3-CIMS
system, unlike what has been reported in the FIGAERO setup
(Lopez-Hilfiker et al., 2015). Some exceptions exist, e.g., the
signal of CjpH140¢ (Fig. 6a), which also seems to have a
contribution from decomposition of larger molecules. Nev-
ertheless, the combination of the VIA and the NO3-CIMS
has the potential to also detect weakly bonded peroxide ac-
cretion products (e.g., Coo dimers in «-pinene SOA). Other
CIMS instruments, with selectivity towards less functional-
ized and more volatile species, may be able to detect more of
the decomposition products.

3.2.2 Reproducibility of thermograms

It is crucial to ensure the reproducibility of the thermo-
grams to estimate the uncertainty when relating the mea-
sured Tmax to the volatility for organic species. The cali-
bration method (syringe deposition vs. atomization), solu-
tion/mass concentration, particle size, matrix effects of in-
organics, and heating ramp rate are factors that have been
reported to affect the determined volatility (i.e., Tmax) in the
FIGAERO-iodide-CIMS system (Ylisirnio et al., 2021; Ren
et al., 2022). The effects of SOA mass concentration on the
measured Tr,x using the VIA-NO3-CIMS system were in-
vestigated in this section. As shown in Fig. 7b, the Tpax
of HOMs measured under lower SOA mass concentrations
showed a negative bias from the mean of the five experi-
ments, while the Tr,x under higher SOA mass concentrations
showed positive biases from the mean value. In addition, the
Tmax measured under comparable SOA conditions correlated
well (Fig. S14b). Reproducible thermograms were obtained
using a steady SOA input and showed negligible background
levels during the continuously ramping mode (Fig. S15). On
the other hand, the delay of Ti,x with the decreases in the
residence time and the increases in particle sizes has been
discussed in Sect. 3.2.1 and 3.1.3, respectively. Furthermore,
when the 100 nm AS particles were coated with organics, the
evaporation of sulfuric acid was delayed (Fig. S14c), while
the temperature ramping rate did not affect the evaporation
because the thermal desorption process is different from the
FIGAERO system. Overall, most of the factors that affect
the volatility measurements in the previous FIGAERO and
TD systems seem to have also played an important role in
the VIA, and these effects warranted a more systematic in-
vestigation in future works to obtain more accurate volatility
measurements using the VIA-NO3-CIMS system.

3.3 Quantification of particle-phase HOMs

3.3.1 Fitting the thermograms

In this section, we used the one-dimensional model described
in Sect. 2.4 to simulate the evaporation of particles and the

loss of evaporated HOM vapors within the vaporization tube
to fit the measured thermograms. As the temperature ramps
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Figure 7. (a) Tiax for a-pinene SOA measured by the VIA-NO3-
CIMS system (blue markers for the mean and light-blue whiskers
for the 1 standard deviation) and the FIGAERO-iodide-CIMS sys-
tem adapted from Ylisirnio et al. (2020). (b) The normalized dis-
tribution of Tinax difference (AT) between each experiment and
the mean of five experiments for HOMs. In panel (b), only the
7.2ng m~3 SOA experiment was conducted using ammonium sul-
fate as the seed particles.

up, the particles within the sampled aerosol start to evapo-
rate earlier inside the vaporization tube. Without significant
losses for sulfuric acid, the measured signal increases with
the temperature and reaches a plateau after full evaporation.
This hypothesis is supported by the good agreements be-
tween the measurements and the fitted signal using only the
evaporation function (Fig. 8a). For HOMs, the situation is
more complicated, and an extra loss term is added to fit the
thermograms (Fig. 8c, d). The competition between the evap-
oration and loss of HOM vapors leads to the thermogram
rising and later falling as the VIA temperature ramps up.
We suspect this loss is mainly owing to the fact that HOMs
were lost upon impacting the walls of the vaporization tube
then decomposing to fragmentation products that are not de-
tectable by the NO3-CIMS. The earlier the particles evapo-
rate within the vaporization tube, the longer HOM vapors had
to diffuse to the walls. This leads to a significant loss of sig-
nals at higher temperatures, where most of the particle mass
has evaporated before reaching the end of the vaporization
tube. Consistently, a mass dependency of the estimated cor-
rection factor was observed (Fig. 8b) because heavier HOMs
evaporate later; thus, a smaller correction is needed. How-
ever, lower temperatures may not be able to fully evaporate
the low-volatility species. Consequently, the measured sig-
nal shows one single maximum (Ymax), which unfortunately
only represents a fraction of the total particle-phase concen-
tration that survived to enter the NO3-CIMS. Therefore, the
fitting method to the thermograms is needed to obtain a more
accurate estimation of the particle-phase HOM concentration
in the aerosol sample.

Here, we define the correction factor (CF) as the ratio of
the estimated initial particle-phase concentration (Yeg, fitted
maximum) and the measured maximum (Yp,ax) in the ther-
mogram. The CF obtained for several datasets (with SOA
mass concentrations of 7.2-94.4 ug m™3) is relatively com-
parable (Fig. 8b). However, the CF is quite sensitive to the
proportionality constant, which also has some uncertainties
associated with it (Fig. S2 and Table S6). This means that
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Figure 8. Fitting results of the observed thermogram for (a) sulfuric
acid and (c¢) CyoH3¢O12. (b) Summary of the correction factor (CF)
for the VIA-NO3-CIMS system in terms of particle-phase HOM
measurement; the mass dependency of these curves makes sense
because heavier HOMs evaporate later. Thus, smaller correction is
needed. (d) The same result as panel (¢) but zoomed in on the details
to show the agreement between the fit and measurement. In panel
(c), the data curve is the measured signal of CogH39O1, normal-
ized to the reagent ions. The smooth curve used LOESS smoothing
with a bandwidth of 0.25 on the data. The evaporated curve repre-
sents the estimated signal without gas-phase losses using Eq. (1),
which shows the estimated maximum signal (Yest). The lost curve
describes the cumulated diffusional vapor losses (assuming a 100 %
loss once a molecule hit the wall) within the VIA vaporization tube.
The fit curve displays the calculated gas-phase signal as the differ-
ence between the evaporated and lost curves. More examples of the
fitting result for other HOMs and the fitted parameters (7* and k)
are shown in Figs. S16 and S17, respectively.

while the relative correction factors between different com-
pounds may be well known, the absolute values can still vary
by an order of magnitude. An additional source of error in
the CF values is the estimated diffusion constants; these may
be off by up to 10 %. There is also little information available
about how the Fuller-method-estimated diffusion coefficients
scale up to temperatures of > 300 °C (Tang et al., 2015). In
addition, the lighter species show more erratic and less con-
sistent thermograms, and this may introduce larger uncertain-
ties compared to low-volatility larger molecules. In the end,
summing up the uncertainties mentioned above as an upper
limit leads to a factor of 2.8 and was used for the error bars
in Fig. 9.

3.3.2 Particle-phase HOMs

Based on the correction factor obtained for each compound,
the mass concentration of particle-phase HOMs can be es-
timated as shown in Fig. 9a. Though with large uncertain-
ties, our best estimate for the contribution of particle-phase
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Figure 9. Estimated (a) mass concentration and (b) mass fraction
as a function of SOA mass concentration. HOM monomer, HOM
dimer, and HOM others refer to Cg-C1g, C16-Co9, and HOMs of
other C numbers measured in the NO3-CIMS mass spectra. SOA
mass concentrations were measured by the AMS.

HOMs to the total SOA mass is ~ 15 %; we hope that fu-
ture studies will be able to narrow down the uncertainties. A
linear relationship was measured between the particle-phase
HOMs and SOA, with a roughly comparable distribution be-
tween HOM monomers and dimers among all experiments
(i.e., dimers make up between 65 %—74 % of the total HOM
monomers and dimers mass), suggesting that while our ab-
solute quantification is very uncertain, the reproducibility of
the measurements is much better. The linear relationship also
applies to most individual species, disregarding some outliers
(Fig. S18). The contribution of the HOM others increases
with the increase in SOA mass concentrations, which can
be largely explained by the gas—particle partitioning theory
because HOM others are dominated by compounds with car-
bon numbers less than 8. The estimated fractions of particle-
phase HOM monomers and dimers are expected to have
smaller uncertainties than the estimated mass, since the rela-
tive uncertainties of CF for different species are smaller than
for their absolute values.

3.4 Current challenges and future improvements

In the current design of the VIA-NO;3-CIMS system,
the time resolution of particle-phase HOM measurements
(i.e., one entire temperature ramping-up and ramping-down
cycle) is limited by the lack of a cooling system. Under am-
bient conditions, at least 20—-30 min are needed for its natu-
ral cooling down to room temperature. In future works, ac-
tively cooling the vaporization tube can be considered. If the
cooling rate is larger than the heating rate, one could control
the cooling rate by controlling the heat supply to make the
temperature decrease linearly. Thus, the measurements dur-
ing the cooling stage can also be useful, doubling the duty
cycle (if the time for ramping up and down is the same).
This is feasible since we already showed that the results of
ramping up and stepping down (Fig. 5) are quite compara-
ble for most HOM species. Alternatively, the cooling stage
can be used for the gas-phase HOM measurements. Then, a
separate gas sampling line and an automatic valve would be
needed to couple in the current system. If the hardware does
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not introduce limitations to the time resolution, then the next
limitation comes when we start ramping rapidly enough that
the shapes of the thermograms become noisy due to shorter
data averaging at each temperature. Then, the correction fac-
tor based on fitting the thermograms would bear larger un-
certainties. At this point, the feasible maximum ramping rate
becomes a function of the aerosol loading.

The correction factor (i.e., the quantification) relies on the
measured thermograms. The exact shape of the thermogram
depends on the setup (e.g., flow rates and tubing length) and
cannot be assumed to be universal. In our experience, the
temperature ramping mode provides so much valuable in-
formation that we would recommend running in temperature
ramping mode despite the poorer time resolution discussed
above. Currently, a very large correction factor (~3-9) is
needed to quantitatively estimate the concentrations of the
particle-phase HOMs, suggesting significant losses within
the VIA system. On the one hand, the uncertainty of this
correction factor could potentially be reduced significantly if
the detection efficiency could be determined experimentally
(i.e., mass concentration of standards measured by the VIA
system vs. the SMPS). For example, using some known or-
ganic aerosol as the standards, this value could be determined
or calibrated more exactly. This would yield better quanti-
tative estimates of the particle-phase chemical composition.
On the other hand, based on our experiments, (1) particle loss
was < 10 % within the entire system based on the NaCl test,
and (2) vapor loss was negligible for sulfuric acid and VOCs,
indicating that nucleation/recondensation should be negligi-
ble and that less oxidized organics did not decompose during
thermal desorption, respectively. However, the thermogram
of HOMs indicates significant vapor loss after evaporation.
Using larger diameters of the vaporization tube and larger
sampling flow rates may help to reduce the vapor loss but
would reduce the heat transfer at the same time. Then, the
small working flow rates of the gas denuder would be the
limiting factor. Packing several gas denuders in parallel can
be one solution to run the system with larger flows while ef-
fectively removing the gaseous compounds. In that case, the
sheath flow unit may need to be designed to couple with a
different flow configuration.

The application of the VIA-NO3-CIMS system in the field
will be one critical next step. In most cases, using the ramp-
ing mode is preferred, as the additional information from
the thermograms aids both quantification and estimations of
volatility. Fixing the thermal desorption temperature could
be preferable under conditions where aerosol loadings are
expected to change on short timescales, e.g., close to large
primary emissions. In these cases, quantification is limited,
but chemical information can be obtained from short-term
plumes. As a compromise, most of the time measuring is
done at one fixed temperature (which can evaporate the ma-
jor fraction of OA), but running entire temperature scans rou-
tinely to get the correction factors, e.g., twice a day, could be
an option. In addition, having an AMS or SMPS system after
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the VIA during scans at the same time would be very help-
ful to check if the particles evaporated completely. Though
there would also be value in having an AMS/SMPS measur-
ing ambient air all the time to provide information on how
the total OA signal changes throughout a ramp. At some
point, it is clear that the sensitivity of the VIA system be-
comes the limiting factor in capturing very fast changes in the
composition. In comparison to other online techniques used
for aerosol phase characterization, the VIA-NO3-CIMS sys-
tem has both benefits and drawbacks. The NO3-CIMS was
chosen due to its sensitivity and selectivity towards HOMs,
which ultimately means that we can use it to measure OA
composition with a low detection limit, but it will not be
able to detect all the evaporated species. This was particu-
larly clear from the fact that we do not detect any of the
decomposition products of the HOMs, as they are going to
be smaller and less oxygenated, whereby they do not readily
cluster with the nitrate ions in our CIMS. In addition, we ob-
served large decreases in reagent ions (and total ions counts)
when temperatures increased. This variation might be related
to flow changes under high temperatures, and we found out
that particle mass loadings might also relate to it. Neverthe-
less, normalization to the reagent ions seems to work pretty
well to compensate for the signal variations, yet with rela-
tively lower signal-to-noise ratios.

Finally, although this work focused on the particle-phase
HOM measurements by using a NO3-CIMS, the VIA could
be adapted to other CI inlets or gas analyzers in general. Dif-
ferent types of detectors attached after the VIA could give us
a more complete picture of the molecules in SOA particles.
As mentioned in Sect. 3.1.2, negligible loss was observed for
most of the tested VOC standards, indicating that much fewer
wall losses would be expected if one put the VIA in front of
a detector measuring less oxidized organic species in SOA
particles, e.g., using an iodide CIMS or a PTR-TOF (Avery
etal., 2023).

4 Conclusions

We have characterized the VIA-NO3-CIMS system and its
ability to measure HOMs as a function of different param-
eters. The system used was the same as in previous studies
(Hékkinen et al., 2023; Zhao et al., 2023), with the exception
that a sheath flow unit was designed and used as an inter-
face between the VIA and NO3-CIMS to decrease the vapor
losses after evaporation. First, the performance of each com-
ponent of the current VIA system was characterized. (1) The
honeycomb-activated carbon denuder allows particles to pass
through (> 95 % for AS particles larger than 50 nm) while re-
moving gaseous compounds (> 97 % for tested VOCs) effec-
tively. (2) The vaporization tube is capable of generating re-
producible temperature profiles with working flow rates of 2—
41, min~! and with a sub-second residence time (e.g.,0.045s
with 4 L min~! at 300 °C), which is still enough to fully evap-
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orate AS particles < 300 nm. The small residence time may
be of benefit for the detection of (hydro)peroxides under ther-
mal desorption using this system. In addition, particle losses,
other than thermal desorption, were found to be < 10 % with
NaCl particles, while a near-unity transmission was obtained
for the tested VOCs in the vaporization tube at measure-
ment temperatures, indicating great performances would be
expected if coupling the VIA with a PTR-TOF or an iodide-
CIMS.

Then, with an optimized setup to connect the sheath flow
unit to the current VIA-NO3-CIMS system, we were able
to obtain thermograms by using temperature-programmed
thermal desorption for different aerosol particles, including
AS, polyethylene glycol (PEG) mixtures, and o-pinene SOA
particles. Unlike sulfuric acid, the decrease in signals after
reaching the maximum in the thermograms of HOMs indi-
cates significant vapor losses upon contact with the hot walls
of the VIA. This loss potentially leads to fragmentation prod-
ucts that are not observable by the NO3-CIMS and need fur-
ther investigation by coupling the VIA with a detector mea-
suring less oxidized organic species. In general, the measured
Thmax in the thermograms was ~ 150 °C higher than the mea-
surements of the FIGAERO-iodide-CIMS system, and this
difference can be largely explained by the extremely short
residence time within the heating area. Nevertheless, the lin-
ear relationship of the Trax between these two systems in-
dicates the potential to infer volatility information from the
thermograms measured by the VIA-NO3-CIMS system. In
addition, a one-dimensional model was used to simulate the
evaporation and temperature-dependent wall losses of evap-
orated molecules within the VIA vaporization tube, allowing
a quantitative estimate of the concentration of particle-phase
HOMs. Overall, the coupling of the VIA and NO3-CIMS can
be a promising and useful system for online measurements of
HOMs in SOA particles.
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