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Abstract. Chemical ionization mass spectrometer (CIMS)
techniques have been developed that allow for quantitative
and composition-resolved measurements of organic com-
pounds as they desorb from secondary organic aerosol (SOA)
particles, in particular during their heat-induced evapora-
tion. One such technique employs the Filter Inlet for Gases
and AEROsol (FIGAERO). Here, we present a newly de-
veloped model framework with the main aim of reproduc-
ing FIGAERO-CIMS thermograms: signal vs. ramped des-
orption temperature. The model simulates the desorption
of organic compounds during controlled heating of filter-
sampled SOA particles, plus the subsequent transport of
these compounds through the FIGAERO manifold into an
iodide-CIMS. Desorption is described by a modified Hertz–
Knudsen equation and controlled chiefly by the temperature-
dependent saturation concentration C∗, mass accommoda-
tion (evaporation) coefficient, and particle surface area. Sub-
sequent transport is governed by interactions with filter and
manifold surfaces. Reversible accretion reactions (oligomer
formation and decomposition) and thermal decomposition
are formally described following the Arrhenius relation. We
use calibration experiments to tune instrument-specific pa-
rameters and then apply the model to a test case: measure-
ments of SOA generated from dark ozonolysis of α-pinene.
We then discuss the ability of the model to describe thermo-
grams from simple calibration experiments and from com-
plex SOA, and the associated implications for the chemi-
cal and physical properties of the SOA. For major individ-

ual compositions observed in our SOA test case (#C = 8 to
10), the thermogram peaks can typically be described by as-
signing C∗25 ◦C values in the range 0.05 to 5 µg m−3, leaving
the larger, high-temperature fractions (>50 %) of the ther-
mograms to be described by thermal decomposition, with
dissociation rates on the order of ∼ 1 h−1 at 25 ◦C. We con-
clude with specific experimental designs to better constrain
instrumental model parameters and to aid in resolving re-
maining ambiguities in the interpretation of more complex
SOA thermogram behaviors. The model allows retrieval of
quantitative volatility and mass transport information from
FIGAERO thermograms, and for examining the effects of
various environmental or chemical conditions on such prop-
erties.

1 Introduction

A large fraction of organic aerosol (OA) mass and cloud con-
densation nuclei (CCN) in the continental boundary layer
are typically produced by condensation or reactive uptake
of organic vapors to form secondary organic aerosol, SOA
(e.g., Hallquist et al., 2009; Riipinen et al., 2012). Some at-
mospheric models describe growth and evaporation of SOA
by an absorptive partitioning of organic vapors between the
gas and the particle phase, which is primarily controlled by
the volatility of the involved compounds, usually expressed
as either saturation vapor pressure (P ∗) or saturation vapor
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concentration (C∗) (Pankow, 1994; Donahue et al., 2011).
Important simplifying assumptions typically made are that
the system is in equilibrium and that the condensed organic
phase can be thought of as an ideal liquid solution. How-
ever, such descriptions of SOA dynamics have proven inad-
equate for predicting SOA mass abundance and properties
(e.g., Heald et al., 2005; Dzepina et al., 2009; Virtanen et
al., 2010). Correspondingly, equilibrium-partitioning models
also fail in describing certain observations of SOA growth
and evaporation, both for laboratory-generated and ambient
SOA. Specifically, observed aerosol formation kinetics infer
sets of volatilities for the involved vapors that predict a much
faster evaporation of the SOA than is observed when the
condensable vapors in the gas phase are diluted or removed
(Vaden et al., 2011; Yli-Juuti et al., 2017). Similar conclu-
sions have been made from heat-induced aerosol evaporation
experiments, where observed OA evaporation indicates a ma-
jor fraction of material with lower volatility than indicated
by OA growth or corresponding composition of evaporated
compounds (Stanier et al., 2007; Cappa and Jimenez, 2010;
Lopez-Hilfiker et al., 2015; Lopez-Hilfiker et al., 2016b).

Several hypotheses have been proposed to explain the in-
ability of absorptive partitioning models to replicate such ob-
servations.

a Descriptions of gas-phase radical chemistry are inac-
curate, e.g., missing an important role of highly oxy-
genated (peroxy-)functionalized molecules (e.g., Ehn et
al., 2014) that could form a major component of SOA
with extremely low vapor pressure. Note that such com-
pounds may be relatively thermodynamically unstable
(Krapf et al., 2016).

b Assumptions of particle phase state are invalid. For
instance, the organic constituents may not be ideally
mixed (Robinson et al., 2015; Zuend and Seinfeld,
2012). Also, several types of ambient biogenic SOA
particles have been shown to be not liquid, at least at
certain humidity ranges, but to rather adopt an amor-
phous semisolid (i.e., glassy) state (Virtanen et al.,
2010; Pajunoja et al., 2016). Such non-idealities can af-
fect the effective volatility of SOA, e.g., via introducing
limitations to in-particle diffusion (Cappa and Wilson,
2011; Shiraiwa and Seinfeld, 2012; Saleh et al., 2013;
Renbaum-Wolff et al., 2013).

c Multiphase accretion chemistry is not adequately de-
scribed. For instance, the formation of oligomers from
oxygenated organics in the particle phase has been
shown to occur in SOA in various conditions, in par-
ticular in laboratory experiments (e.g., Kalberer et al.,
2004; Surratt et al., 2006; Romonosky et al., 2017).
Amongst other forms of multiphase chemistry, it is a
form of aerosol aging and has been observed to occur
on timescales of hours in laboratory setups (e.g., Bal-
tensperger et al., 2005). It lowers particle volatility and

likely occurs in ambient SOA as well (Rudich et al.,
2007; Kourtchev et al., 2016). Note that such chemistry
may also constitute mechanisms that underlie the issues
raised under (b) (Stroeve, 1975; Pfrang et al., 2011).
Indeed, recent experimental and modeling studies have
corroborated an important role of oligomerization in de-
termining SOA behavior. The best model agreements
with chamber studies have been reported when assum-
ing rapid oligomerization reactions (within minutes)
upon SOA formation; as a consequence, oligomer de-
composition may indeed control SOA evaporation rates
(Trump and Donahue, 2014; Roldin et al., 2014; Kolesar
et al., 2015b).

In recent years, various mass spectrometric techniques
have been developed to provide relatively non-invasive meth-
ods of measuring aerosol molecular composition, such that
particle-phase oligomers can be characterized. Some meth-
ods accomplish that via liquid extraction, either offline (e.g.,
Roach et al., 2010; Laskin et al., 2013; Beck and Hoffmann,
2016) or online (e.g., Doezema et al., 2012). Other methods
first heat the aerosol particles, so that individual (organic)
molecules thermally desorb from the condensed phase; the
abundance and composition of these molecules can then be
measured by chemical ionization or proton-transfer-reaction
mass spectrometry (CIMS, PTR-MS) (e.g., Smith et al.,
2004; Hearn and Smith, 2004; Gkatzelis et al., 2018). Ideally,
these techniques are coupled to mass spectrometers with high
sensitivity, mass accuracy, and resolving power, e.g., time-
of-flight (TOF) mass spectrometers (Zhao et al., 2014; Eich-
ler et al., 2015). A sub-class of these techniques heats the
aerosol particles in a stepwise or continuously ramped man-
ner, such that the thermal desorption behavior (thermograms)
of the aerosol in general, as well as that of the individual
desorbing molecules, is measured simultaneously with the
molecular formulas (e.g., Holzinger et al., 2010; Yatavelli et
al., 2012). Measurements by one of the most recent develop-
ments within this sub-class of techniques are the main subject
of this work, namely the Filter Inlet for Gases and AEROsol
(FIGAERO; Lopez-Hilfiker et al., 2014) that is coupled to a
high-resolution TOF CIMS (Lee et al., 2014).

Measurements by FIGAERO of ambient SOA, as well
as of SOA generated in the lab following α-pinene oxida-
tion, have shown that a substantial fraction of organic ma-
terial desorbs only at much higher temperatures than ex-
pected for the volatilities as known or expected from the
detected compositions of the desorbing molecules (Lopez-
Hilfiker et al., 2015, 2016b). This behavior was attributed
to thermal decomposition of low-volatility components (ei-
ther individual molecules or oligomeric material) upon heat-
ing. These findings support the hypothesis that oligomer for-
mation and decomposition may play an important role in
determining SOA properties, in particular SOA evaporation
upon heating or removal of condensing vapor, but the exact
molecular-scale/chemical mechanisms at play have remained
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unknown. Speculations have included ubiquitous peroxides
(cf., Docherty et al., 2005) with breakage of the O–O bond
upon heating, networks of H -bridge bonds in the SOA ma-
trix that are stronger or denser than for pure compounds or
ideal mixtures, and oligomeric structures initially in thermo-
dynamic equilibrium with monomers and thus dissociating
during heating to re-achieve equilibrium (Lopez-Hilfiker et
al., 2015). Consequently, we are using a broad and inclu-
sive definition of the term “oligomer” in this study, referring
to any physical entity that is essentially non-volatile but in-
corporates and/or releases generally more volatile molecules
(the latter in particular upon heating). That is to say, our def-
inition is considerably more universal than the frequent use
of the term as referring specifically to covalently bound high-
molecular-weight molecules.

Recently, there have been additional notable attempts to
improve our understanding of which physical and chemical
aspects of OA control the results obtained by FIGAERO-
CIMS measurements, in terms both of overall particle
properties and of composition-specific chemistry. Stark et
al. (2017) present detailed comparisons between the results
obtained from different FIGAERO versions and similar ther-
mal desorption techniques, as well as between alternative
data analysis approaches. Their conclusions are consistent
with those of Lopez-Hilfiker et al. (2015, 2016b) (see also
above). Huang et al. (2018) performed a so-far unique set of
chamber experiments by employing a FIGAERO to study α-
pinene SOA at various humidity and temperature conditions,
in particular with chamber temperatures as low as 223 K.
They conclude that particle viscosity likely affects the ap-
parent volatilities obtained by FIGAERO and that viscosity
may be linked to particle water uptake and oligomer content.
However, still lacking from such studies is a first-principles-
based model of the thermal desorption processes occurring
in the FIGAERO, which would allow systematic interpreta-
tions of the measured thermograms in terms of instrumental
conditions and SOA properties such as the effective volatility
distribution of components.

For this study, we have developed a detailed model of the
temperature-controlled evaporation of OA in the FIGAERO.
The goal is to allow for a deeper understanding of which
properties of OA, overall and component-specific, determine
the shapes of the thermograms and their respective desorp-
tion temperatures obtained by the FIGAERO measurements.
We first describe the model concepts and then the application
to various thermogram calibration experiments using known
compounds as a way to optimize instrumental parameters
that affect mass transfer of evaporated material to the CIMS
detector. We then apply the model to thermograms of SOA
generated in a chamber from the oxidation of the monoter-
pene α-pinene to demonstrate the type of fundamental prop-
erties that can be retrieved from such comparisons, such as
the reaction rates and energies that govern oligomer forma-
tion and decomposition.

2 Experimental methods

2.1 FIGAERO-CIMS

The primary experimental data used for this research were
obtained by an iodide-adduct high-resolution time-of-flight
chemical ionization mass spectrometer (CIMS), as described
in previous works (e.g., Lee et al., 2014), with a FIGAERO
inlet. By means of CIMS, gas-phase compounds are primar-
ily detected when they form adducts with iodide anions while
inside an ion–molecule reaction region (IMR) at a pressure of
100 mbar. The analyte–reagent clusters pass through a differ-
entially pumped interface to a time-of-flight mass spectrom-
eter (10−6 mbar), where their exact mass-to-charge ratio is
measured and hence their elemental composition determined.
This method is most sensitive to oxidized compounds, in-
cluding a wide range of volatile organic compounds (VOCs),
and in particular to organics featuring –O–H moieties (Iyer
et al., 2016).

The FIGAERO inlet permits the investigation of particle-
phase composition by collecting aerosol particles on a fil-
ter and then heating the filter while sampling the desorb-
ing compounds (Fig. 1). Schematics of the FIGAERO setup
for aerosol collection and for evaporation and sampling, and
a detailed characterization, can be found in Lopez-Hilfiker
et al. (2014). We briefly summarize key components here
to elucidate certain aspects of the model. Aerosol is first
collected on a polytetrafluoroethylene (PTFE) filter (Zefluor
PTFE membrane, 2 µm pore size, 25 mm diameter, Pall), usu-
ally over a period on the order of∼ 40 min. Then, the filter is
moved ∼ 5 cm over the directly adjacent CIMS inlet, where
a flow of 2 standard liters per minute (slpm) of ultra-pure N2
passes through the filter and then into the IMR by means of
an orifice that allows for a pressure drop from atmospheric
pressure (at the filter) to 100 mbar (in the pumped IMR). The
N2 flow is heated at a constant ramp rate from room temper-
ature to 200 ◦C, typically at 10 ◦C min−1, and is then kept at
200 ◦C for an additional period of time, typically 50 min, that
is sufficient for a vast majority of detected material to desorb
from the filter. The CIMS samples continuously during the
full desorption period, yielding a thermogram (signal from
desorbing composition vs. ramped temperature) for each des-
orbing composition, with the measured signal presumably di-
rectly proportional to the composition’s rate of desorption.
Note that the CIMS can measure only elemental composi-
tions, i.e., molecular formulas (we are using these two terms
interchangeably in this work). Consequently, the identities of
the specific compounds remain ambiguous in general.

2.2 Filter properties

The collection efficiency of the PTFE membrane filters used
is >98 % for all particle sizes (Zíková et al., 2015). The fil-
ter material consists of two layers: a thicker mat consisting
of a PTFE web of bonded PTFE fibers (oriented upstream in
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Figure 1. Schematic of the processes implemented in our model. The left-hand-side drawing gives an impression of the overall situation: an
SOA particle (green), in this case with a core from an ammonium sulfate (AS) seed particle (gray), is deposited on the FIGAERO collection
filter and exposed to a heated flow of N2. The core of the filter is a microporous membrane composed of a network of PTFE fine fibers
(a.k.a. fibrils; beige). These fibrils are not accurately depicted here; the drawing is rather supposed to convey that the deposited particles are
likely nested inside a complex network of fibrils that provide a large total surface area. The right-hand side summarizes the processes that are
simulated for molecules of a certain compound i (Ni ). Included is a list of factors that chiefly control these processes: factors contributing to
evaporation are colored cyan; factors inhibiting evaporation are colored orange.

our measurements) and a thinner microporous PTFE mem-
brane consisting of fibrils interconnected via nodes (oriented
downstream). We were not able to obtain more detailed spe-
cific product information from the manufacturer, but general
information on the filter materials is available in patents (e.g.,
US5366631 and US4187390). This information suggests that
the web’s fibers have diameters between 12 and 30 µm. We
measured a filter mat thickness of 188 (±6) µm. Assuming a
material density of 2.2 g cm−3, its measured weight inferred
a solidity (ratio of the volume of the layer’s solid material to
the layer’s total volume) of 0.43 (±0.02). The membrane’s
fibrils are suggested to have diameters ranging from 0.5 to
100 nm, and our measurements indicated a membrane thick-
ness of 14 (±3) µm and a solidity of 0.14 (±0.03).

2.3 Experiment setups

In this study, we mostly rely on previously published results
from thermogram calibration experiments (Lopez-Hilfiker et
al., 2014, 2016b) and from SOA formation experiments con-
ducted during an intensive measurement campaign at the Pa-
cific Northwest National Laboratory’s (PNNL) 10.6 m3 en-
vironmental chamber. Thermogram calibrations were per-
formed using a micro-syringe to manually deposit solutions
containing calibrant compounds directly onto the FIGAERO
filter (Lopez-Hilfiker et al., 2014). The setup of experiments
at the PNNL laboratory chamber is described, e.g., in Liu
et al. (2016). Chamber data used here were obtained during
a measurement campaign in summer 2015 that focused on
investigating the chemistry of SOA formed from the oxida-
tion of isoprene and monoterpenes. Results from a selection

of FIGAERO-CIMS measurements from that campaign were
recently published (D’Ambro et al., 2017).

For the experiments used here, relative humidity in the
PNNL chamber was always 50 %, and we used a monodis-
perse effloresced ammonium sulfate seed particle popula-
tion of 50 nm in diameter. The chamber was operated in
continuous-flow reactor mode. As an SOA precursor, α-
pinene was injected at a constant rate to maintain a con-
centration of 10 ppbv in the absence of oxidation and mon-
itored by PTR-MS. The data used here were taken during
conditions of dark ozonolysis of α-pinene at concentrations
of O3 at 84 ppbv and of α-pinene reacted at 6.7 ppbv. The
studied SOA samples were taken once steady-state condi-
tions had been established in the chamber, as determined by
gas analyzers and aerosol mass concentrations measured by
an Aerodyne aerosol mass spectrometer (AMS). Particle size
distributions were monitored by a scanning mobility particle
sizer (SMPS). The total volume put through the chamber was
∼ 30–40 L min−1, resulting in a theoretical residence time of
3 to 5 h. Accordingly, steady state was typically achieved on
a timescale of 1 day.

Typical SOA mass loadings in the chamber were 2 to
3 µg m−3, and the FIGAERO achieved adequate filter load-
ings by sampling for 40 min periods at 2.5 L min−1. Ev-
ery fourth sample was a blank measurement, with an addi-
tional filter in the aerosol sampling line (Lopez-Hilfiker et al.,
2014). Measurement results were continuously monitored,
and both filters were replaced when memory effects in the
form of elevated backgrounds were noticed (on average once
per week).
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3 Model description

The model developed for this study consists of a set of differ-
ential equations that describe mass transfer and evaporation
from particle surfaces; optional temperature-dependent par-
ticle phase chemistry, such as accretion or thermal decompo-
sition reactions; and partitioning to PTFE surfaces in the FI-
GAERO inlet. A schematic of the most important processes
simulated by the model is shown in Fig. 1.

3.1 Evaporation rate

The central equation, which describes the desorption rate for
a certain compound i from a deposited aerosol particle, uses a
modified form of the Hertz–Knudsen equation (Hertz, 1882;
Cappa et al., 2007):

dNi
dt
=−

1
√

2π · kB ·mi · T
·P ∗i (T ) ·χi ·α ·0(Kn) ·SA. (1)

Here, Ni is the number of molecules of compound i in the
particle (condensed) phase, kB is the Boltzmann constant,mi
is the compound’s molecular mass, T is the absolute tem-
perature, P ∗i is the compound’s saturation vapor pressure, χi
is a factor accounting for Raoult’s Law, α is the evapora-
tion coefficient, 0 is a factor accounting for gas-phase diffu-
sion limitations, and SA is the surface area of the condensed-
and gas-phase interface. The saturation vapor pressure P ∗i
is a strongly temperature-dependent function commonly de-
scribed by the Clausius–Clayperon relation and depending
on the enthalpy of vaporization or sublimation, 1H :

P ∗i = P
∗

i, 0 · e
−
1H
R

(
1
T
−

1
T0

)
, (2)

where R is the universal gas constant and P ∗i, 0 the satura-
tion vapor pressure at room temperature T0. The factor χi
in Eq. (1) is the mass fraction of the compound in the con-
densed phase to take into account Raoult’s Law (Donahue et
al., 2006), i.e.,

χi =
miNi∑

i

(miNi)
. (3)

The evaporation coefficient α has a value between 0 and
1 and accounts for deviations of the theoretical maximum
evaporation rate due to barriers to interfacial transfer, e.g.,
diffusion limitations within the condensed phase. The factor
0(Kn), also a value between 0 and 1, is a Fuchs-type function
of the Knudsen number Kn,

0 =
Kn2
+Kn

Kn2+ 1.283Kn+ 0.75
, (4)

which takes into account resistance to evaporation due to gas-
phase diffusion limitations. In the case of an ideally mixed or
single-component liquid, α = 1, and with a sufficiently small
surface area, Kn� 1, and thus 0 = 1.

The SA is based on an assumed spherical particle. All
deposited material treated by the model is assumed to be
present within that sphere, representing a single aerosol parti-
cle that presumably rests on the filter with negligible contact
with the filter material (e.g., due to a contact angle of 180◦ or
solid phase). For low-viscosity liquid particles, the actual SA
could be smaller (e.g., deposition as high spherical cap) or
larger (e.g., deposition as low spherical cap), resulting in the
actual evaporation occurring more slowly (thermogram shift-
ing to higher temperatures) or faster (thermogram shifting to
lower temperatures), respectively.

For each model run only one particle is considered. Scal-
ing up a single run’s results, as we typically do, carries
the assumption that all deposited particles are identical and,
more importantly, that all deposited particles are spatially
separated from one another. For the chamber experiments
here, SOA mass loadings were typically 2 µg m−3, particles
100 nm or larger, and the collection time 45 min. In those
conditions, <1 % of the FIGAERO filter area was loaded, on
average, and the total mass loading was <0.3 µg. Even if all
SOA mass was deposited only on a smaller area correspond-
ing to the inner cross section of the sampling tube (ca. 4 mm
inner diameter for PNNL experiments in 2015), local cover-
age would still be <15 %, so our assumptions are likely jus-
tified. It remains possible, however, that particles preferen-
tially deposit in certain areas of the filter (e.g., on the micro-
scopic scales of fibril nodes). Huang et al. (2018) did report
effects of filter mass loading on observed SOA thermograms
when loadings ranged from about 0.5 to 10 µg, indicating in-
teractions between particles deposited on the filter. Their FI-
GAERO used a slightly different sampling geometry, which
focused particles onto a smaller area of the filter, thus making
matrix effects more likely. In any case though, the possibility
of such effects, e.g., via reducing SA, should be kept in mind.

3.2 Vapor–surface interactions

Aerosol particles deposited in the FIGAERO are expected
to be mostly located on or within the PTFE filter. Hence,
we assume that evaporated molecules will not necessarily di-
rectly enter the CIMS but that instead they first interact with
PTFE surfaces, at least with the surfaces of the filter, possi-
bly also with PTFE surfaces immediately surrounding the fil-
ter. Downstream from the filter, the desorbed molecules enter
the IMR, where they may again interact with PTFE surfaces,
namely the IMR walls, albeit at 100 mbar. As the residence
time of air in the IMR is ∼ 30 ms, we expect interactions in
the filter to be the dominant vapor–surface interactions be-
cause the filter provides a large total surface area, and the
desorbed compounds need to pass through it prior to enter-
ing the mass spectrometer.

To account for these vapor–wall interactions, we adapt the
approach used by Zhang et al. (2014) for modeling the wall
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losses of organic vapors in Teflon laboratory chambers:

dNi,w

dt
= ki,w, on ·

(
−

dNi
dt

)
− ki,w, off ·Ni,w. (5)

Here, Ni,w is the number of molecules of compound i on
the wall, ki,w, on is the probability of ad- or absorption into
the wall, and ki,w, off is the rate constant for desorption off the
wall. We set ki,w, on to 1, so ki,w, off is the quantity controlling
the vapor–wall interaction. Assuming detailed balance and
activity coefficients of unity,

ki,w, off =
ki,w, on

τ
·
C∗i (T )

Cw
=
C∗i (T )

τ ·Cw
, (6)

where Cw is an equivalent sorbing mass concentration repre-
sented by the walls, with the same units as the saturation va-
por concentration of compounds i, C∗i , for a treatment anal-
ogous to gas–particle partitioning. Cw includes any possible
non-unity vapor activity with respect to the wall, making it
an effective concentration. Values for Cw previously found
for Teflon surfaces were 0.3 to 36 mg m−3 for various or-
ganic vapors in a 8 m3 fluorinated ethylene propylene (FEP)
chamber (Matsunaga and Ziemann, 2010; Yeh and Ziemann,
2015; Krechmer et al., 2016) and 4 g m−3 for ketones and
alkenes in a 0.47 cm inner-diameter perfluoroalkoxy alkane
(PFA) tube (Pagonis et al., 2017). The timescale in Eq. (6),
τ , depends on the timescales of the processes involved in sur-
face absorption. McMurry and Stolzenburg (1987) assumed
diffusion-limited absorption determined by the characteristic
times for diffusion to the surface (τdiff) and accommodation
into it (τac), according to

τdiff =
d2

8Dg
(7a)

τac =
d

2αWc̄
. (7b)

Eq. (7a) has been applied to a laminar flow in a tube, with
d being its inner diameter and Dg being the gas-phase diffu-
sion coefficient for the vapor in question. Eq. (7b) includes
the compound’s accommodation coefficient αW and its mean
thermal speed c̄. Although our filter is not a tube, Eq. (7a)
may serve to provide a potential upper-limit timescale (if
αW is high) when using d = 2 µm, the filter’s nominal pore
size, which yields τdiff ≈ 6.4× 10−8 s. For αW = 1, τac =

5.5×10−9 s, setting the lowest-limit timescale. If αW<0.08,
τac will be greater than τdiff and thus the overall limiting
timescale. Note that these times are much shorter than val-
ues typical for tubing or chambers, where τdiff is typically
limiting and much longer. Conversely, however, we expect
Cw to be much higher in our case than the literature values
mentioned above, as it scales with the ratio of surface area to
volume (Pagonis et al., 2017).

We can use observed timescales of specific compounds
transiting the FIGAERO to obtain a robust estimate of the

Figure 2. Decay of the signal for pinonic acid (detected as
C10H16O3.I−) during one of the experiments comprising a blank
aerosol collection period, i.e., with a particle filter in the sampling
line, followed by desorption at room temperature. The brown line is
the fit obtained using Eq. (8); the green line fit was obtained using
Eq. (9).

parameter product τCw. We analyzed a variant of FIGAERO
blanks, where an additional filter is placed upstream of the
FIGAERO filter so that only some gas-phase compounds are
present on the main filter through ad- or absorption (Lopez-
Hilfiker et al., 2014). In this variation of blank experiments,
the clean N2 flow for the subsequent desorption period was
not heated; i.e., evaporation of the compounds desorbing
from the FIGAERO filter occurred only at room tempera-
ture. Once exposed to pure N2, the desorption rate for vapor
i, dNi/dt , should therefore be simply an exponential decay:

dNi
dt
= A · e

−
C∗
i, 0

τ ·Cw ·t , (8)

where C∗i, 0 is the saturation vapor concentration of com-
pound i at room temperature (T0), and A is a free parameter
subject to the unknown amount of material deposited. Eq. (8)
is not able to fit the experimental data (Fig. 2, brown line);
instead a good fit is obtained by using two exponential terms
(Fig. 2, green line):

dNi
dt
= A · e

−
C∗
i, 0

τ1·Cw1
·t
+B · e

−
C∗
i, 0

τ2·Cw2
·t
, (9)

where B is a free parameter like A, and Cw1 and Cw2 rep-
resent two independent sets of PTFE surfaces, or two dis-
tinct ad-/absorptive surface properties. We used a set of four
isothermal desorption experiments and fit the decaying sig-
nals for two of the more abundant semi-volatile organics ob-
served, potentially pinonic acid, measured as C10H16O3.I−,
and pinic acid, measured as C9H14O4.I−. We obtained
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8.8 (±0.7)mg m−3 s for τ1Cw1 and 150 (±40)mg m−3 s for
τ2Cw2, together with a C∗pinonic, 0 of 510 (±70) µg m−3 and
a C∗pinic, 0 of 70 (±14) µg m−3. Note that all these C values
could be multiplied by an arbitrary factor while maintaining
the fits (Eq. 9), but the ratio between the C∗i, 0 values would
need to remain the same.

The actual saturation vapor concentrations for pinonic and
pinic acid are not well known: literature reports range from
5.7 to 16000 µg m−3 and from 2.6 to 1200 µg m−3, respec-
tively (Bilde and Pandis, 2001; Compernolle et al., 2011;
Hartonen et al., 2013). Therefore, the suggested values of
510 µg m−3 for C∗pinonic and 70 µg m−3 for C∗pinic, 0 are plau-
sible in absolute terms, and their ratio of about 1 order of
magnitude roughly corresponds to experimental findings.

We will see below that describing vapor–surface interac-
tions using only τ1Cw1 is sufficient for our applications of the
model to aerosol particle desorption. To examine the plausi-
bility of this value, τCw = 8.8 mg m−3 s, we may use it to
infer the filter’s internal surface-area-to-volume ratio. A rea-
sonable range of τ is from 5.5 to 60× 10−9 s (see above).
Scaling the corresponding range of Cw (140 to 1600 kg m−3)
to the range of 0.3 to 36 mg m−3, reported for FEP chambers
of a surface-to-volume ratio of ∼ 3 m−1, infers an internal
surface area of 11 to 16000 m2 per square meter of filter area
and micron of thickness. This range is plausible in compari-
son with the range of values suggested by available informa-
tion about the filter membrane (Sect. 2.2): 4 to 900 µm−1.

3.3 Model application to calibration experiments

As a test of model performance, we applied our model to cali-
bration experiments that consisted of depositing a solution of
mono-carboxylic acids directly onto the FIGAERO filter by
means of a micro-syringe (Lopez-Hilfiker et al., 2014). The
results are shown in Fig. 3. Better agreement between ex-
perimental and model results was achieved when using only
τ1Cw1 as the wall parameter (Fig. 3b), rather than τ2Cw2
(Fig. 3c). Agreement was worse when neglecting vapor–
surface interactions altogether (Fig. 3a) or when using both
parameters. If both wall parameters were used in parallel (not
shown), i.e., desorbing material interacted either with surface
w1 or surface w2, the modeled thermograms would each dis-
play a double peak, which we did not observe for syringe ex-
periments. Double peaks would also appear, in general, if we
assumed that the surface interactions occurred in series, i.e.,
such that a fraction of the material that had interacted with
surface w1 also interacted with surface w2. And if that frac-
tion were unity, the model result would be practically iden-
tical to Fig. 3c because τ2Cw2� τ1Cw1. As a consequence,
we used τ1Cw1 (responsible for the fast decay in Fig. 2) as the
single wall parameter in subsequent model runs. The require-
ment of using both τ1Cw1 and τ2Cw2 in analyzing the blank
experiments above is possibly due to (slower) co-desorption
of material from preceding experiments that had deposited
onto surfaces that are less efficiently purged by the N2 flow.

As seen in Fig. 3a–c, the modeled temperatures of peak
desorption agreed fairly well with the experimental results
when vapor–surface interactions after initial desorption are
taken into account. However, the model performed poorly in
reproducing the observed peak shapes, in particular the tails
that became more substantial for less volatile compounds.
The only way the observed peak shapes were simulated rea-
sonably well, including the tails, was by assuming uneven
heating of the deposited material. Under this assumption,
only a part of the deposit was actually exposed to the nominal
desorption temperature, whereas the remainder of the mate-
rial was exposed to a certain fraction of that temperature at
any given time. Figure 4 illustrates this approach, with the
resulting thermograms shown in Fig. 3d.

As alternative attempts to broaden the modeled thermo-
gram peaks, we tested a sequential vapor–surface interaction
scheme, where desorbed molecules would interact with a se-
ries of surfaces at sequentially cooler temperatures, and the
use of a distribution of τCw values. Both approaches gen-
erally enhanced the tailing of thermograms, but they failed
to reproduce the observations of higher tails for less volatile
compounds.

Finally, previous work demonstrated that the desorption
characteristics largely do not depend on the method by
which substance is delivered onto the filter. Lopez-Hilfiker et
al. (2016b) used the FIGAERO to investigate the desorption
of dipentaerythritol, deposited either via syringe in solution
or via sampling aerosol produced by atomizing dipentaery-
thritol in water. The respective thermograms were similar;
therefore, we believe that the model confirmation presented
in this section, based on desorption of solution deposits, is
applicable to desorption of aerosol deposits as well.

3.4 Implementation of oligomerization reactions

To examine possible oligomerization reactions, or thermal
decomposition more generally, we added two terms to Eq. (1)
that describe the production and loss of compound i by the
dissociation and formation of oligomers:

dNi
dt
=−

1
√

2π · kB ·mi · T
·SA ·α ·0 ·P ∗i ·χi

+ kid ·Ni, g−Ni ·
∑
j

(
K
i, j
g ·Nj

)
. (10a)

This procedure was inspired by Trump and Don-
ahue (2014) and Kolesar et al. (2015a). Now,Ni are the num-
ber of molecules of compound i that are free to evaporate
as dictated by the corresponding P ∗i (“monomers”), whereas
Ni, g is the number of molecules bound in a state of lower
volatility, e.g., in an oligomer, from which direct evapora-
tion is assumed to be negligible. That is, we assume these
oligomers are non-volatile:

dNi, g

dt
=−kid ·Ni, g+Ni ·

∑
j

(
K
i, j
g ·Nj

)
. (10b)
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Figure 3. Comparison of experimental results from depositing a solution containing monocarboxylic acids (Lopez-Hilfiker et al., 2014) with
four different model results. The left-hand panels show the measured (circles) and modeled (lines) thermograms; the right-hand panels sum-
marize differences between model and experiment regarding peak position (1Tmax = Tmax,mod−Tmax, exp) and full width at half maximum
(1FWHM= FWHMmod−FWHMexp). For (a), vapor–surface interactions after initial desorption were excluded in the model. For subse-
quent panels, these interactions were included as per Eqs. (5) and (6), using a wall parameter τCw of 8.77 mg m−3 s (b) or 149 mg m−3 s (c).
In (d), the wall parameter was the same as in (b) but assuming uneven desorption temperatures across the deposit, as described in the text
and in Fig. 4.

The rate constants are kid for dissociation and K
i, j
g for

oligomerization. The subscript g is short for the deliberately
non-descriptive “glued” or “gluing”, as a reminder that the
actual mechanism by which compound i enters a state of
lower volatility is not yet taken into account, for a lack of
deeper understanding. This notation therefore reflects our
broad definition of “oligomer” in this study as noted above
(Sect. 1). That is to say, we refer to any physical entity that
is itself non-volatile and able to incorporate and/or release
compound i as an oligomer, as described by Eq. (10b).

The initial distribution of molecules of compound i be-
tween Ni and Ni, g is calculated by assuming steady-state
conditions at the initial temperature (room temperature) and
zero net evaporation, i.e., equal magnitudes of the second
and third right-hand terms in Eq. (10b). Therefore, as the

monomers start to undergo net evaporation upon removal of
the gas phase (typically coincident with the start of heating),
oligomer dissociation (second term) will outpace oligomer
formation (third term) until all molecules (Ni +Ni, g) have
evaporated.

Note that by use of Eqs. (10a) and (10b) we do not track
specific oligomers but rather the partitioning of compound i
between the two states (i.e., monomer vs. part of oligomer).
Consequently, oligomer dissociation is independent of how
compound i entered the oligomer state. Also, in some cases,
the “monomer” compound i will itself be an oligomer, as
for instance dimer-like compositions have been directly ob-
served by FIGAERO-CIMS (Lopez-Hilfiker et al., 2015;
Mohr et al., 2017; this study). In such a case, Ni, g represents
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Figure 4. Illustration of the assumptions behind the model results
in Fig. 3c. (a) shows the fractions of deposited material (on the or-
dinate) that were each assumed to be exposed to a fraction of the
nominal desorption temperature (on the abscissa). This function is
Gaussian with a standard deviation of 0.28. (b) shows the respec-
tively assumed temperature profiles, except for the lowest six, which
we neglected. (c) shows the respective desorption rates as a func-
tion of time, as well as the sum of all rates (black; peaking at 1),
illustrating how the assumptions here lead to a tail in the sum ther-
mogram (cf. Fig. 3d). In all panels, the color scheme reflects the
maximum desorption temperature for each fraction or profile, from
200 ◦C (lightest yellow) to 79 ◦C (darkest blue in b and c) or 25 ◦C
(darkest blue in a).

its involvement in yet larger complexes, whereas possible de-
composition of the compound itself is not modeled.

Further simplification was needed for the oligomerization
term in Eqs. (10a) and (10b), because for the majority of
systems we investigate we are unable to detect all relevant
particle-phase constituents, let alone quantify their abun-
dance with sufficient relative accuracy. In addition, it was
desirable to reduce model complexity. Hence, we replaced
the last term in Eqs. (10a) and (10b) with a pseudo-first order
reaction term, so that Eq. (10a) becomes

dNi
dt
=−

1
√

2π · kB ·mi · T
·SA ·α ·0 ·P ∗i ·χi

+ kid ·Ni, g− k
i
g ·Ni ·8, (11)

where 8 is the volume fraction of all organic compounds
still present in the aerosol particle, ranging from one, at the
beginning of desorption, to close to zero at the end.

In Eq. (11), both rate constants, kid for dissociation and
kig for oligomerization, thus are in units of per second. We
treated these rates as temperature-dependent as in Arrhenius’
equation; i.e., for each compound i,

kd = kd, 0 · e
−
Ed
R

(
1
T
−

1
T0

)
= Ad · e

−
Ed
RT , (12)

kg = kg, 0 · e
−
Eg
R

(
1
T
−

1
T0

)
= Ag · e

−
Eg
RT , (13)

whereAd orAg would correspond to the pre-exponential fac-
tor in the traditional formulation of the Arrhenius equation.
Oligomer formation and dissociation were thus described for
each compound by four free parameters to be determined by
fitting to experimental data: the rate constants at room tem-
perature kd, 0 and kg, 0 and the respective activation energies
Ed and Eg. The fraction of molecules initially present in the
oligomer state was then simply kg, 0/(kg, 0+kd, 0). This frac-
tion was used as an initial condition for Ng.

3.5 Further simplifications

Among the factors in Eq. (11), only χi and 8 are directly
dependent on compounds other than compound i, while SA
and 0 depend on the particle diameter DP and thus on 8.
As such, both χi and 8 can contribute substantially to com-
putational costs, and explicit calculation of all Ni (i.e., all
detected compounds) was feasible only for simple cases,
such as certain calibration experiments. When applying our
model to desorption data of OA components, we would in-
stead reduce all OA mass to two compounds: the compound
i of interest and the sum of all other compounds. The latter
sum is treated like a single composition by the model, and
the respective model parameters may be unphysical, because
the corresponding sum thermogram is a superposition of the
thermogram signals of all individual compositions, which
we know differ substantially in their respective volatilities.
Nonetheless, the parameters are chosen such that the cor-
responding thermogram is adequately reproduced and thus
allow us to use appropriate values for χi , DP, and 8 as func-
tions of time. The model can then be run practically inde-
pendently for each individual compound i, i.e., to reproduce
each individual compound’s thermogram as measured by FI-
GAERO.

For this case, the Raoult term χi , particle diameterDP, and
organic fraction remaining 8 are calculated specifically by

χi (t)=
miNi(t)

miNi(t)+ m̄NR(t)
, (14)

DP (t)=

3

√
6
πρ

(
mi
(
Ni(t)+Ni, g(t)

)
+ m̄

(
NR(t)+NR, g(t)

))
, (15)

8(t)=

(
DP (t)

DP, 0

)3

, (16)

where the subscript R denotes the sum of all organic com-
pounds other than compound i, with a mean molecular mass
of m̄ and a density of ρ. Where applicable, a refractive core
(e.g., due to non-soluble inorganic seed particles) is taken
into account through small modifications of Eqs. (15) and
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(16) employing basic geometry, as detailed in the Supple-
ment (Eqs. S1 and S2).

Of course, this procedure yields only approximations, with
the implicit assumptions (a) that the FIGAERO detects all
organic compounds and (b) that it does so with the same sen-
sitivity for each compound. We know that FIGAERO cou-
pled to iodide-CIMS appears to detect only about half of the
organic material by mass under these assumptions and that
reported sensitivities generally vary widely (Lopez-Hilfiker
et al., 2016b; Iyer et al., 2016). However, even if only half
of the organic mass were accounted for, the directly intro-
duced error would be comparable with an error in C∗i or α of
up to about a factor of 2, which would be a relatively small
uncertainty given other ambiguities discussed below. Indeed,
a recent study employed a calibration procedure for instru-
ment sensitivity to most compositions and, within uncertain-
ties, obtained mass closure with independent AMS or SMPS
measurements, lending support to assumption (a) (Isaacman-
VanWertz et al., 2017, 2018). Assumption (b) may introduce
bigger errors, particularly if sensitivity to compound i is far
from the average, though we argue these errors are generally
smaller for compounds that desorb at higher temperatures,
as these are more likely to be larger molecules that contain
multiple carboxyl or hydroxyl groups, both of which tend to
reduce sensitivity variations (Lee et al., 2014).

3.6 Model implementation

The core of the model consists of a set of coupled differen-
tial equations, plus ancillary calculations, which are solved
using MATLAB’s ode15s solver. In the simple case of sim-
ulating evaporation of a single compound but including the
oligomerization terms (Eq. 11), these are eight differential
equations, expressing the time derivatives of T , C∗, kg, kd,
Ng,N , kw, off, andNW (Eqs. S3 to S10). The number of equa-
tions increases by extension to more than a single compound
and by various options, such as deactivation of certain sim-
plifications. The Supplement contains details regarding the
possible numbers of differential equations to be solved, and
on the order of their evaluation in the solver.

3.7 Computational costs

A typical FIGAERO desorption experiment, as used here,
lasts about 70 min: 20 min of ramping temperature up to
200 ◦C, followed by a 50 min “soak period” at a constant
200 ◦C. A single model run over one such desorption, for
one or two compounds, takes less than a second on a mid-
2010s 3 GHz MacBook Pro. However, an assumption of non-
ideal heating was needed to explain observed tails in ther-
mograms, at least for the calibration experiments described
above (Fig. 3d). Its implementation currently consists of sim-
ply running the model several (e.g., 15) times, each time with
a less efficient temperature ramp rate, and then calculating
a weighted sum of the results, as illustrated in Fig. 4. With

that, a model run takes several seconds to complete. Model
performance takes further hits for each additional compound
added to the model run, as the number of differential equa-
tions increases linearly with the number of modeled com-
pounds (quadratically if using Eqs. 10a and 10b).

We typically run the model using only a single initial par-
ticle diameter DP, 0, as opposed to a size distribution, for the
sake of reducing computational costs. In practice, the model
results obtained from using the mass median diameter are
very close to those obtained from using the actual size dis-
tribution, at least for the chamber experiments investigated
here. Furthermore, as discussed below, the effect of particle
size is lessened by the vapor–surface interactions that are as-
sumed to occur subsequent to particle desorption.

Parameter optimization, i.e., finding the values for the free
parameters that reproduce an observed thermogram, is cur-
rently still manual, requiring multiple model runs. The num-
ber of required runs depends on thermogram complexity and
operator experience, with 20 to 40 runs being typical. Fu-
ture steps for making model application more efficient will be
automation of that process through optimization algorithms,
e.g., genetic algorithms.

4 General model behavior

4.1 Model sensitivity to volatility (C∗) and the Tmax–C∗

relationship

Figure 5 illustrates the important role that vapor–surface
interactions after desorption from the particle play in our
model. The model explicitly calculates how many molecules
of compound i remain in the evaporating aerosol particle as
a function of time, either in its free state (Ni) or in its low-
volatility (“oligomer”) state (Ni, g). For the simple case of a
single-composition monodisperse aerosol, the time series the
model obtains for Ni shows a clear dependence on the com-
pound’s saturation vapor concentration (C∗0 ): for a lower C∗0 ,
the particle evaporates within a higher temperature range, as
expected (e.g., Fig. 5a). As described above, the model al-
lows evaporating molecules to interact with (stick to) sur-
faces before entering the CIMS at a rate dependent on C∗0
and the vapor–surface interaction parameters (Fig. 5b and c,
respectively). The peak of recorded ion count rates in tem-
perature space (Tmax) shifts by about 15 to 20 ◦C for each
order of magnitude of change in C∗0 .

Previous approaches in retrieving information from FI-
GAERO thermogram data have established that the measured
Tmax values related roughly linearly to the logarithm of the
saturation vapor pressures (∼ C∗), as shown for a set of well-
characterized carboxylic acids (Lopez-Hilfiker et al., 2014).
This Tmax–C∗ relationship was subsequently used in more re-
cent studies (D’Ambro et al., 2017; Mohr et al., 2017; Huang
et al., 2018), and we used a subset of those calibration exper-
iments here as initial verification of our model (Fig. 3), in
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Figure 5. Illustration of model outputs for the simple system of a
150 nm aerosol particle composed of only one compound, for seven
different values of this compound’s saturation vapor concentration
at room temperature (25 ◦C)C∗0 . (a) shows the number of molecules
remaining in the particle as a function of desorption temperature
(T ), which is ramped at a constant rate from 25 to 200 ◦C and hence
proportional to time. (b) shows the number of molecules that have
evaporated from the particle and are modeled to stick on surfaces
prior to entering the CIMS at the rate shown in (c).

particular the implementation of vapor–surface interactions,
and to tune our assumption of filter deposits not being heated
equally efficiently (Fig. 4). Our model behavior reproduces
the Tmax–C∗ relationship in general (e.g., Fig. 5, Table 1). In
the following sections, we will see how other model input pa-
rameters affect Tmax as well and revisit in Sect. 4.4 the model
reproduction of the Tmax–C∗ relationship.

4.2 Effect of vapor–surface interactions

If vapor–surface interactions were ignored, all Tmax would
be shifted lower, viz to the temperature where the steepest
decrease in Ni occurs in Fig. 5a. Table 1 presents model-
obtained Tmax values for the same range of C∗0 , from 1 to
10−6 µg m−3, and also for a range ofDP, 0, from 5 to 500 nm,
both for the default case of vapor–surface interactions imple-
mented and for the case of ignoring these interactions. As
expected, the difference in calculated Tmax between these
cases is most pronounced for smaller particles (fast parti-

Table 1. Model-derived position of signal peak in temperature space
(Tmax) for pure-compound particles and ranges of volatilities C∗0
and particle sizes DP,0 (cf. Fig. 5), and for vapor–surface interac-
tions included vs. excluded. Other parameters are as for Figs. 5 and
6.

Tmax (◦C)

C∗0 DP,0 τCW = No vapor–
(µg m−3) (nm) 8.77 mg m−3 surface

(default) interactions

1

5 56 <25
50 57 36

150 57 43
500 58 52

10−1

5 71 37
50 71 49

150 71 56
500 73 66

10−2

5 87 51
50 87 63

150 87 70
500 88 81

10−3

5 104 65
50 104 78

150 104 86
500 106 97

10−4

5 123 81
50 123 95

150 123 102
500 124 114

10−5

5 143 97
50 143 111

150 143 121
500 144 134

10−6

5 165 115
50 165 130

150 165 141
500 166 155

cle evaporation) and lower volatilities (long subsequent resi-
dence time on surfaces). However, the signal obtained by FI-
GAERO particle desorption measurements is proportional to
deposited mass, and sufficient mass is required for acceptable
signal-to-noise ratios. Therefore, the majority of measure-
ments by FIGAERO are made on aerosol with mass median
diameters>100 nm. Consequently, negligence of the vapor–
surface interactions when applying the model to observations
would be compensated by underestimating C∗0 by typically
an order of magnitude, as shown through Table 1.
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Figure 6. Normalized model thermograms for the simple system of an aerosol particle composed of only one compound, varying a certain
input parameter for each panel. The default parameters are C∗0 = 0.1 µg m−3, α = 1, 1H = 150 kJ mol−1, τCW = 8.77 mg m−3, DP,0 =

150 nm, and temperature ramp rate= 0.14 K s−1; the corresponding default thermogram is shown in bold light gray in each panel. (a) is the
same as Fig. 5c, i.e., varying C∗0 , except that each thermogram is normalized to 1. (b) shows varying the evaporation coefficient from α = 1
down to 10−6, (c) the vaporization enthalpy1H between 50 and 230 kJ mol−1, (d) the wall “stickiness” CW between 0.1 and 1000 mg m−3,
and (e) the initial particle diameter DP,0. (f) shows the effect of adjusting the temperature ramp rate.

4.3 Limitations to evaporations described by α<1

Figure 6 presents changes in model output, in terms of nor-
malized thermograms, when certain input parameters are var-
ied individually for equally simple model runs. In most cases,
we do not expect to be able to distinguish a lower C∗0 from a
lower evaporation coefficient α, the latter for instance a result
of potential in-particle diffusion limitations (cf. Fig. 6a and
b) – that is, of course, provided we do not have prior knowl-
edge of either input parameter. Variations of relatively high
values of α may also go entirely unnoticed when the even-
tually recorded signal is controlled by the post-evaporation
vapor–surface interactions, which no longer depend on α as it
is specified for evaporation from the particles. However, this
masking effect is a smaller issue for (more relevant) larger
particles.

Ambiguities between possible diffusion limitations (α<1)
versus merely a lower C∗0 could be addressed by future blank
experiments, i.e., with a particle filter in the inlet line to pre-
vent deposition of particles on the FIGAERO filter, in par-
ticular when also implementing periods of isothermal evap-
oration of various durations. We actually used such an ex-
periment here as a rough confirmation of our model imple-

mentation of vapor–surface interactions (Fig. 2). An obvi-
ous advantage of blank experiments is that any effects due
to evaporation from particles are removed; i.e., α = 1. How-
ever, the measurements are restricted to such gas-phase com-
pounds that deposit on the filter (and other surfaces) despite
the blanking filter. Therefore, only semi-volatile compounds
are detectable, and in particular for larger typical terpene ox-
idation products it may not be guaranteed that the observed
compositions actually correspond to the same isomers ob-
served during particle desorption. In addition, compounds
could arise from the decomposition of low- or non-volatile
compounds that have remained on the filter from preceding
experiments, an issue that also emphasizes the importance
of using sufficiently clean filters. For these reasons, blank
experiments may be more useful for chemically simple sys-
tems. An additional caveat is that sampled gas-phase com-
pounds may deposit on more surfaces than aerosol particles
do.

We defer this type of investigation to future dedicated ex-
perimental studies and will simply assume α = 1 in most of
the remainder of this study.
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4.4 Model sensitivity to other input parameters

As the vaporization enthalpy 1H controls the increase C∗

with increasing temperature (Eq. 2), it is a very powerful
handle on the thermogram shape and the main factor de-
termining the initial upslope of the thermogram as well as
peak width (Fig. 6c). Varying the vapor–surface interaction
parameter CW (Fig. 6d) shifts the thermograms as expected
from the discussion above (cf. Fig. 3). Resulting from these
interactions, an additional masking effect becomes apparent
when comparing results from varying the initial particle di-
ameter DP, 0 (Fig. 6e). In our case here, practically no effect
is expected for variations of DP, 0 below 500 nm (see also
Table 1). Lastly, the temperature ramp rate merely shifts the
modeled thermograms towards higher temperatures for faster
ramps (Fig. 6f). However, the shift is typically small, i.e., less
than 10 ◦C for a change in ramp rate by a factor of 2.

Figure 7 summarizes how, for otherwise typical assump-
tions and conditions, the simulated Tmax is defined by C∗0
and 1H (colored line), generalizing the Tmax–C∗ relation-
ship found previously based on experimental observations
(Lopez-Hilfiker et al., 2014; Mohr et al., 2017; colored cir-
cles and black line). As the colors of the circles roughly
match those of the underlying model-derived lines, the model
largely reproduces the empirical relationship, as seen above
(Sect. 4.1, Fig. 3d). Conversely, comparison with the model
results infers a relation between C∗0 and 1H (colored lines
vs. black line), which consistently predicts relatively lower
values for 1H than an independent semi-empirical C∗0 –1H
relation (Epstein et al., 2010; black dashed line).

4.5 Inclusion of oligomer formation and dissociation

When oligomer formation and dissociation reactions are
included, model runs are initiated with the molecules of
compound i distributed between a high-volatility state
(monomer) and a low-volatility state (e.g., in oligomer), at
the fraction resulting from assuming equilibrium between the
reactions (Sect. 3.4). Four additional free parameters control
these reactions (Eqs. 12 and 13) and offer a large amount of
conceivable combinations of values. In practice, the model
is now able to obtain a substantially increased variety of
thermogram shapes (Fig. 8). In particular, the typical peak
can be extended towards higher desorption temperatures by
adding/accentuating features such as tails, shoulders, or sec-
ondary peaks. In total, it appears a wise choice of model pa-
rameters would obtain many relevant (i.e., observed) thermo-
gram shapes, at least in reasonable approximation (cf., e.g.,
Lopez-Hilfiker et al., 2015, 2016b; D’Ambro et al., 2017;
Huang et al., 2018).

In practical fitting to experimental data, it was typi-
cally best to first obtain an approximate value for kd, 0,
the oligomer dissociation rate at room temperature, which
greatly affects the shape of the tail (Fig. 8c). The activation
energy Ed affects how quickly kd increases in the temper-

Figure 7. The relationship between Tmax (abscissa) and both the
saturation concentration C∗ at room temperature (ordinate) and the
vaporization enthalpy1H (color scheme). Results from model sim-
ulations are summarized by the colored lines. Typical assumptions
and parameters were used: α = 1, τCW = 8.77 mg m−3, DP,0 =
200 nm, and temperature ramp rate= 0.14 K s−1. Experimental ob-
servations by Lopez-Hilfiker et al. (2014) are shown as colored cir-
cles; their fit by Mohr et al. (2017) is shown as a black line. The
dashed black line depicts the semi-empirical C∗–1H relation de-
veloped by Epstein et al. (2010): 1H = 131− 11 log10(C

∗).

ature ramp. A relatively low value (e.g., Ed<20 kJ mol−1)
makes for a fairly flat tail, whereas high values can lead to
a shoulder or secondary peak, with its Tmax moving towards
lower temperatures as Ed is increased when all other param-
eters remain unchanged (Fig. 8a). In reality, however, we ex-
pect a higher Ed to be coupled to a lower kd, 0, as the pre-
exponential factor in the actual Arrhenius relation is typically
a constant,

kd = A · e
−
Ed
RT , (17)

thus coupling Ed and kd, 0:

kd, 0 = A · e
−

Ed
RT0 . (18)

Below, we revisit this expected relationship in modeling
thermogram data of chamber-generated SOA, but in general
Ed and kd, 0 remained independent model parameters.

The main role of the oligomer formation rate at room tem-
perature kg, 0, in practice, was to control the relative amount
of compound i that is present in the non-volatile (oligomer)
state at the beginning of the desorption, at room temperature
(Fig. 8d). As described above, that fraction is determined by
kg, 0/(kg, 0+ kd, 0); i.e., we are assuming steady-state condi-
tions in the collected aerosol initially. The corresponding ac-
tivation energy, Eg, turned out to have only a small effect on
the modeled thermograms (Fig. 8b), especially for relatively

www.atmos-chem-phys.net/18/14757/2018/ Atmos. Chem. Phys., 18, 14757–14785, 2018



14770 S. Schobesberger et al.: A model framework to retrieve aerosol properties from thermal desorption

Figure 8. Sample sensitivity tests for the four parameters con-
trolling oligomer formation and dissociation. The same model pa-
rameters are used as for sensitivity tests shown in Fig. 6 but in-
cluding oligomerization (in the forward direction, denoted by sub-
script g, and reverse direction, denoted by subscript d). The default
values used, unless noted otherwise, are Ed = 10 kJ mol−1, Eg =
0 kJ mol−1, kg,0 = 3×10−4 s−1, and kd,0 = 3×10−4 s−1. For (a),
Ed varies between 0 and 50 kJ mol−1, while Eg is 25 kJ mol−1, and
vice versa for (b) (Ed = 25 kJ mol−1, Eg = 0 to 50 kJ mol−1). (c)
and (d) show variations in kd,0 from 3×10−5 to 3×10−3 s−1 and
kg,0 from 10−4 to 10−1 s−1, respectively.

small values. This is because, as the initial steady state is per-
turbed, net oligomer dissociation occurs right from the begin-
ning of the desorption. Furthermore, Eg is expected to be rel-
atively small value, in particular smaller than Ed, if a major
fraction of the measurements is to be explained by oligomer
dissociations. Accordingly, previous studies employing the
same conceptual approach have used 1E = Ed−Eg = 15–

42 kJ mol−1 (Kolesar et al., 2015a) or Eg = 0 (Trump and
Donahue, 2014). Low values for Eg may also be supported
by studies on carboxylic acid dimers, which have shown
them to form (via hydrogen exchange) with activation en-
ergies<6 kJ mol−1 (e.g., Meier et al., 1982; Loerting and
Liedl, 1998). For the remainder of this study, we consistently
use Eg = 0.

As a consequence of the small practical role of the
oligomer formation parameters in shaping the modeled ther-
mogram, the desorption modeling of compound i does not
directly distinguish between thermal decomposition of re-
versible oligomers and thermal decomposition of other low-
volatility compounds, e.g., parent compounds formed inde-
pendently of monomer i or parent compounds formed in the
gas phase. Rather, the assumption of reversible oligomers
when applying the model to produce observed thermograms
infers a corresponding formation rate constant (kg, 0), based
on the required initial in-particle partitioning between free
monomers (Ni, 0) and those to be sourced from thermal de-
composition processes (Ni, g,0). In any case, model appli-
cation in this way can provide insights into the possible
bond dissociation energies that produce the observed ther-
mograms.

5 Model application to chamber-generated SOA

5.1 Modeling, e.g., the C8H12O5 thermogram: three
illustrative approaches

Applying the model to observations of actual SOA allows
characterization of the SOA in terms of the effective volatil-
ity of individual detected compositions. We used experimen-
tal data obtained from monoterpene-derived SOA generated
in a continuous-flow reaction chamber at PNNL (Sect. 2).
Particles were sampled from the chamber when steady-state
conditions prevailed. Figures 9–11 illustrate model results
and comparisons with experimental thermogram data for the
composition C8H12O5. Model parameters used are summa-
rized in Table 2. The data were taken during conditions of
dark ozonolysis of α-pinene at concentrations of ozone (O3)
at 84 ppbv and of α-pinene reacted at 6.7 ppbv. C8H12O5 was
one of the dominant compositions observed in the particle
phase by FIGAERO-iodide-CIMS for this system. In addi-
tion, the thermogram characteristics for C8H12O5 were typi-
cal for many compositions for our experiments at PNNL, i.e.,
a main peak followed by a shoulder and an exponential de-
cay of desorption during the soak period. Our measured ther-
mogram shapes for a given chamber condition were highly
reproducible (Fig. S1), as expected from previous studies
(Lopez-Hilfiker et al., 2014), and we therefore neglect exper-
imental uncertainties in the following. However, we gener-
ally do expect changes in thermogram shapes for individual
compositions if there are changes in the instrumental setup
(Sect. 5.6) or experimental conditions.
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Table 2. Free parameters used for model runs in Figs. 9–11 to reproduce the C8H12O5 thermogram obtained from an α-pinene ozonolysis
(dark) SOA experiment. A particle size of 197 nm was used; the evaporation coefficient was always α = 1. The Raoult term at the start
of desorption (χ0) was based on observed signals (see text). Oligomerization was modeled reversibly in the case of Fig. 11 (last line),
indicated by a value provided for kg,0 and an initial oligomer fraction determined by assumed steady state initially. The activation energy for
oligomerization was Eg,0 = 0 kJ mol−1.

Measured: Ref: Model runs:

Evaporation Oligomer dissociation (and formation)

Com- χ0 Fig. Frac- C∗0 1H kg,0 kd,0 Initially Ed
position tion (µg m−3) (kJ mol−1) (s−1) (s−1) oligomer (kJ mol−1)

0.39 3× 10−1 – – 0 –
0.2 3× 10−2 – – 0 –

9 0.14 3× 10−3 105 – – 0 –
0.14 3× 10−4 – – 0 –
0.14 3× 10−5 – – 0 –

0.27 – 3× 10−4 1 80
C8H12O5 3.7× 0.16 – 4× 10−5 1 85

10−2 0.14 – 5× 10−6 1 90
10 0.1 2 80 – 7× 10−7 1 95

0.08 – 9× 10−8 1 100
0.08 – 1× 10−8 1 105
0.08 – 2× 10−9 1 110
0.08 – 2× 10−10 1 115

11 1 0.8 88 2× 10−3 5× 10−4 0.77 6

Figure 9. Illustration of approach 1 (out of three) for reproducing the thermogram observed for composition C8H12O5 during desorption of
SOA generated from dark α-pinene ozonolysis. This approach is based on excluding oligomerization but using five logarithmically spaced
VBS bins at C∗0 = 3× 10−1 to 3× 10−5 µg m−3, 1H = 105 kJ mol−1, and α = 1. Assumed relative abundances for each bin are shown in
(b). (a) is the classical normalized thermogram, i.e., in temperature space. Experimental data are shown in black, and model data in beige for
the individual bins and in green for their sum. (c) presents the thermogram vs. time (t), which is identical to (a) up to t = 1250 s, because
temperature was ramped linearly with time to 200 ◦C, but reveals a failure in reproducing the soak period (constant 200 ◦C for t>1250 s). In
(d), the number of molecules still in the particle phase is plotted vs. time, one line for each VBS bin.
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Figure 10. Equivalent to Fig. 9 but presenting the results of using approach 2 (out of three) for reproducing the observed thermogram.
All C8H12O5 molecules are formed from irreversible thermal decomposition of non-volatile material, following the Arrhenius relation (see
text) using a set of eight activation energies (Ed), ranging from Ed = 80 to 115 kJ mol−1. Their subsequent evaporation is modeled using
C∗0 = 2 µg m−3, 1H = 80 kJ mol−1, and α = 1, i.e., practically not limiting. Assumed relative contributions of each Ed are shown in (b).
(Note the consequently different units for the abscissa in b compared to Figs. 9 and 11.) (d) shows the abundances of the corresponding
non-volatile parent compounds still in the particle vs. time (black).

Figure 11. Equivalent to Fig. 9 but presenting the results of using approach 3 (out of three) for reproducing an observed thermogram. Here,
reversible oligomerization is included as in Eq. (11), and Ed is independent from kd,0 (Eq. 12). Only one compound is used, with C∗0 =
0.8 µg m−3,1H = 88 kJ mol−1, and α = 1. Oligomerization parameters are kg,0 = 1.7×10−3 s−1, kd,0 = 5×10−4 s−1, Eg = 0 kJ mol−1,
and Ed = 6 kJ mol−1. The initial fraction of C8H12O5 in the oligomer state is kg,0/(kg,0+ kd,0)= 77 %. (d) illustrates how C8H12O5
is released from decomposing oligomers during particle desorption (dark blue). In (b), the low-volatility (presumably oligomer) state is
represented by a blue-striped bar at close to 10−5 µg m−3. However, that is only a rough upper limit, whereas the actual volatility is not
known. The arrows illustrate the modeled ongoing reversible oligomerization reactions between monomers (modeled with a volatility of
0.8 µg m−3) and practically non-volatile oligomers.
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Figure 12. Examples of thermogram reproductions for three dif-
ferent compositions: C8H10O5 (a), C10H14O5 (b), and C2H2O3
(c). All data are from the same aerosol desorption as data used
for Figs. 9–11 (C8H12O5). Experimental data are normalized and
plotted in black; desorption temperature is shown as orange dashed
lines (right-hand ordinates). Model results are presented as colored
solid lines, with the color showing the source of the modeled sig-
nal: beige for simple single-compound evaporation, blue when re-
versible oligomerization is included and Ed is independent from
kd,0, and red for unidirectional thermal decomposition and fixed
relation between Ed and kd,0 (Eq. 18). Sums are drawn in green.
The model parameters used are given in Table 3.

The SOA formed in the chamber was not monodisperse.
For the experiment discussed here, the size mode diame-
ter was <100 nm, while the volume median diameter was
197 nm (geometric standard deviation of the volume size dis-
tribution= 1.5). This volume median diameter was used for
the model predictions shown in Figs. 9–12, because the re-
sulting model output was nearly indistinguishable from the
results obtained using the actual number size distribution,
while the model calculations were much faster. The exper-
iments were seeded with 50 nm ammonium sulfate particles,
so we also included a refractory (non-volatile) core of that
diameter to the modeled aerosol (see Supplement). The cal-
culated filter loading for this experiment was 0.31 µg. No ma-
trix effects were apparent.

5.1.1 Approach 1: no thermal decomposition

For the first approach (Fig. 9), the model was run without the
oligomerization terms, but instead assumed that the C8H12O5
thermogram was the result of five compounds desorbing in-
dependently, each as per Eq. (1). The hypothetical com-
pounds differ from each other by factors of 10 in their satura-
tion concentration at room temperature (298.15 K). This ap-
proach is analogous to assuming that there are five different
structural isomers of C8H12O5 having different functional
groups and thus volatilities. Whether this is reasonable in this
specific case is irrelevant for our purposes here. We assumed
α = 1, and for the most volatile compound we constrained
1H by the initial thermogram slope (1H = 105 kJ mol−1).
For simplicity, this 1H was used for all compounds as well,
an assumption addressed below.

The C8H12O5 thermogram is successfully produced by the
model using this five-bin volatility basis set (VBS) when
inferring relative bin-wise contributions of 10 % to 40 %
(Fig. 9c). However, this approach fails in reproducing the ex-
ponential decay of desorption signal during the soak period
(i.e., at constant 200 ◦C), which in the simulation proceeds
much faster than observed (Fig. 9c). A remedy would be ex-
tending the VBS towards more bins at yet lower volatility
but with high relative contributions, namely at the level of
the highest-volatility bin. However, it seems unlikely that a
single elemental composition, such as C8H12O5, would have
dozens of structures ranging over 5 (or more) orders of mag-
nitude in volatility. It is even less likely that such a VBS
would predict the soak period correctly while also maintain-
ing a flat thermogram shoulder. As noted, we used the same
1H for all hypothetical compounds representing C8H12O5,
although 1H is generally expected to increase with lower
volatility. Epstein et al. (2010) suggested an increase of 1H
by 11 kJ mol−1 for each decade of lower saturation concen-
tration. Such a relationship between C∗0 and 1H would both
narrow the peaks of the five individual compounds and lower
their Tmax (Fig. 9a, cf. Fig. 6) and thus require an even greater
(and less likely) range of volatilities to predict the observed
thermogram.

Lopez-Hilfiker et al. (2014) previously fitted thermograms
of individual compositions of α-pinene SOA simply by using
a variable number of peaks of a certain peak shape. The peak
shape was first obtained from presumably single-component
thermograms, and the fitting procedure allowed the location
(in temperature space), amplitude, and width of the peaks to
vary. That is a rather heuristic approach, but it allowed for
comparison with the Tmax–C∗ relationship established in the
same study, leading to a similar result as our approach 1. Cor-
respondingly, they reached the same conclusion, as above,
that the much lower volatilities inferred by desorption at tem-
peratures much higher than the observed primary peak are
inconsistent with the observed compositions and conceivable
isomers.
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5.1.2 Approach 2: only thermal decomposition, and Ed
coupled with kd, 0 (Arrhenius)

For the second approach (Fig. 10), we explored the oppo-
site extreme: could the thermogram be explained only by
thermal decomposition of some non-volatile material into
C8H12O5. We set Ni, 0 = 0, and for simplicity excluded from
the model a possible reverse reaction, i.e., formation of non-
volatile material by C8H12O5. Formally, this approach cor-
responds to using Eq. (11) without the last term. Volatility
parameters for C8H12O5 monomers were chosen sufficiently
high (C∗0 = 2 µg m−3, 1H = 80 kJ mol−1), so that the de-
composition into C8H12O5 would itself be the process lim-
iting the desorption rate. Rather than freely fitting a room
temperature decomposition rate kd, 0 and activation energy
Ed (Eq. 12), we required the rate and activation energy to be
related as per the actual Arrhenius relation (Eq. 18). For the
pre-exponential factor A, we assumed 3× 1010 s−1, as pre-
viously used for bimolecular dissociation reactions (Trump
and Donahue, 2014).

With these conditions set, we needed a range of bonds with
different activation energies undergoing decomposition in or-
der to generate a wide shoulder in the thermogram, as op-
posed to a relatively narrow secondary peak. When allowing
an arbitrary but reasonable range of activation energies, from
80 to 115 kJ mol−1 (Fig. 10b), we could indeed reproduce
the C8H12O5 thermogram well with the model under the as-
sumptions of this approach, namely that all of it arises from
thermal decomposition (Fig. 10). The sensitivity of these re-
sults to the pre-exponential factor A is moderate because
variation of A by 1 order of magnitude can be compensated
by adjusting activation energies by roughly ±10 kJ mol−1.

Analogously to approach 1 above, the model underesti-
mates the observations during the soak period (Fig. 10c),
which may be expected given the similarity of Eqs. (17) to
(2), which controlled evaporation rates at 200 ◦C under ap-
proach 1.

5.1.3 Approach 3: thermal decomposition of reversible
oligomers, and Ed as a free parameter

For the third approach (Fig. 11), we included both oligomer-
ization terms of Eq. (11), i.e., oligomer dissociation and
formation, with the initial conditions obtained via the as-
sumption of steady state between monomers and oligomers,
as described above. Unlike approach 2 (Eqs. 17 and 18),
the rate constants and respective activation energies are in-
dependent free parameters (Eqs. 12 and 13). We charac-
terize the monomer by a single volatility: C∗0 = 0.8 µg m−3

(chiefly determining Tmax), 1H = 88 kJ mol−1 (as required
by the initial slope), and α = 1 (arbitrarily set). By choos-
ing the parameters controlling oligomerization kg, 0 = 1.7×
10−3 s−1, kd, 0 = 5× 10−4 s−1, Eg = 0 kJ mol−1, and Ed =

6 kJ mol−1, the model could reproduce the entire thermo-
gram well, now also including the soak period (Fig. 11c).

As shown through Fig. 11d, the molecules initially free to
evaporate, i.e., present as high-volatility monomers, evapo-
rate quickly, giving rise to the main peak of the thermogram.
These parameters predict 77 % of C8H12O5 is initially in a
non-volatile state, of which the relatively slow decomposi-
tion into C8H12O5 (and other compositions) accounts for the
high-temperature “shoulder” of the observed thermogram.
The simulation is not particularly sensitive to Eg, as any suf-
ficiently low value (Eg<15 kJ mol−1) will not lead to appre-
ciable oligomer formation during heating. Therefore, setting
Eg = 0 appears to be the simplest choice (see also Sect. 4.5).

In summary, this approach performs especially well in re-
producing the observations, by two criteria: (a) it requires the
smallest number of free parameters compared to the other ap-
proaches, and (b) it is straightforward to also explain soak pe-
riods with relatively shallow decay of signal. The other two
approaches could in principle reproduce these soak periods
as well, but that would require either a very specifically tuned
VBS (approach 1) or activation energy distribution (approach
2).

However, it is important to note that this success of
approach 3 is primarily founded on the independence of
Ed from kd, 0, and secondarily on allowing a mix of free
monomers and monomers sourced from decomposition (here
at a 23 : 77 ratio), and not necessarily on the reversible char-
acter of the low-volatility state. The pre-exponential factor
for dissociation resulting from kd, 0 (5× 10−4 s−1) and Ed
(6 kJ mol−1) is Ad = 5.6× 10−3 s−1 (Eqs. 12 and 18), much
lower than the value of A= 3× 1010 s−1 presumed in ap-
proach 2. And when using these kd, 0 and Ed, together with
the initial condition that decomposition accounts for 77 % of
C8H12O5, we can even omit the oligomer formation term in
Eq. (11) in the model and obtain practically the same thermo-
gram. This similarity is because in practice no new reversible
oligomers would actually form upon heating (Fig. 11d). As
discussed above (Sect. 4.5), model application under the as-
sumption of initial steady state between monomers and re-
versible oligomers delivers a rate constant for formation of
these oligomers, kg, 0, here 1.7× 10−3 s−1. The assumption
therefore infers that C8H12O5 enters oligomers (to reiterate,
meaning a not more closely defined non-volatile state) at a
timescale of 10 min.

5.2 Model application to thermograms of other SOA
compositions

A large number of compositions detected from dark α-
pinene ozonolysis produced thermograms qualitatively sim-
ilar to that for C8H12O5, i.e., featuring a prominent peak,
followed by a fairly flat shoulder towards higher tempera-
tures. These thermograms can be modeled in the manners
discussed above. However, there is a great variety of thermo-
gram shapes overall, and a substantial number of composi-
tions exhibit qualitatively different thermograms. Four such
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Table 3. Free parameters used for the model runs in Figs. 12 and 13, analogous to Table 2.

Measured: Ref: Model runs:

Evaporation Oligomer dissociation (and formation)

Com- χ0 Fig. Frac- C∗0 1H kg,0 kd,0 Initially Ed
position tion (µg m−3) (kJ mol−1) (s−1) (s−1) oligomer (kJ mol−1)

C8H10O5 2× 10−2 12A 1 4 60 2× 10−3 2× 10−4 0.89 17

C10H14O5 1.3× 10−2 12B
0.18 0.3 115 – – 0 –
0.82 0.08 105 1× 10−2 7× 10−4 0.93 6

0.02 – 1× 10−3 1 76
0.06 – 2× 10−4 1 81
0.18 – 3× 10−5 1 86
0.18 – 3× 10−6 1 91

C2H2O3 6× 10−3 12C 0.17 Not limiting – 5× 10−7 1 96
0.11 – 6× 10−8 1 101
0.08 – 8× 10−9 1 106
0.07 – 1× 10−9 1 111
0.06 – 1× 10−10 1 116
0.06 – 2× 10−11 1 121

13A 1 0.25 60 – – 0 –

13B 1 Not limiting – 2× 10−6 1 92

C18H28O6 6× 10−4 0.23 0.02 120 – – 0 –
13C 0.45 1× 10−3 133 – – 0 –

0.32 5× 10−5 146 – – 0 –

example cases are presented in Figs. 12 and 13, with model
input parameters provided in Table 3.

Figure 12a shows how the thermogram for C8H10O5 can
be modeled well, in the same way that produced the best
results for C8H12O5 (Fig. 11; i.e., approach 3), i.e., by as-
suming evaporation of a single compound with a major frac-
tion of it stemming from the decomposition of reversibly
formed oligomers. For C8H10O5, however, the thermogram
is more clearly bimodal. These features in turn require ap-
propriate adjustments to the model input parameters, most
notably a higher Ed at 17 kJ mol−1 (compared to 6 kJ mol−1

for C8H12O5). Although Tmax is practically the same for
either composition (83 and 84 ◦C), the volatility used for
C8H10O5 is higher (C∗0 = 4 µg m−3, compared to 0.8 µg m−3

for C8H12O5) to compensate for the lower vaporization en-
thalpy (1H ) required by the shallower initial slope.

In general, the routine as per approach 3 can be used to
explain two main features of a given thermogram, such as
two separate peaks, or one peak and a shoulder. The soak pe-
riod can be typically fit at the same time. The thermogram for
C10H14O5, however, has a higher Tmax (100 ◦C) and a typi-
cal high-temperature shoulder, and it also exhibits a shoul-
der at 79 ◦C (Fig. 12b). All three of these features can be
reproduced by assuming two compounds desorbing indepen-
dently. To reproduce the shoulder, the less volatile compound

is modeled as per approach 3, i.e., including oligomer disso-
ciation (hence shown in blue). Its relatively lower saturation
concentration ofC∗0 = 0.08 µg m−3 reflects the high Tmax. In-
clusion of a more volatile compound (C∗0 = 0.3 µg m−3) fa-
cilitates the low-temperature shoulder (shown in beige).

The compositions we have considered thus far are prod-
ucts of α-pinene oxidation that have retained most of their
carbon backbone. We would expect that the composition
C2H2O3, for instance, behaved quite differently. This specific
composition is observed here as one of the more common or-
ganics that have lost most of their carbon, presumably either
through fragmentation during oxidative processing (in gas
and/or particle phase) prior to heating, or through thermal de-
composition during heating. Interestingly, the C2H2O3 ther-
mogram does not, at first glance, appear very different from
the thermograms obtained for larger compositions. It fea-
tures a double peak at 90–125 ◦C, followed by a shoulder
(Fig. 12c). However, the signal decay during the 200 ◦C soak
period is strikingly steeper compared to the observations for
C8H10O5, C8H12O5, or C10H14O5. Indeed, the decay is con-
sistent with our model simulation of thermal decomposition
as explored in approach 2 above (Sect. 5.1.2), i.e., following
the Arrhenius relation (Eq. 17) withA= 3×1010 s−1, specif-
ically with an activation energy of Ed = 111 kJ mol−1. We
therefore chose to model the C2H2O3 thermogram as aris-
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Figure 13. Three different ways of modeling the thermogram from
C18H28O6, assuming direct evaporation of a single compound (a),
evaporation limited by thermal decomposition into C18H28O6 (b),
or the direct evaporation of three isomers (c). Data source, normal-
ization, and color coding are the same as in Fig. 12, and the model
parameters used are included in Table 3.

ing purely from evaporation that is limited by the thermal
decomposition of parent compounds at a chosen distribution
of activation energies (Table 3), i.e., in essentially the same
manner as done for Fig. 10. The respective activation en-
ergies ranged from 76 to 121 kJ mol−1, with the median of
the distribution at 101 kJ mol−1. The parent compounds are
obviously required to decompose prior to desorbing them-
selves. We used the model to estimate the corresponding
upper-limit volatilities, which ranged from C∗0 = 8 µg m−3 to
5×10−9 µg m−3, with the median activation energy requiring
C∗0<2×10−4 µg m−3. (This estimate implicitly also assumes
that all of the parent compounds produce C2H2O3 as they de-
compose.)

Finally, we take a closer look at the thermogram for
C18H28O6, one of the dimers of α-pinene oxidation prod-
ucts observed at acceptable signal-to-noise ratios for this
experiment, and one relatively little affected by other ions
detected at the same integer mass-to-charge ratio. As ex-
pected for a much larger molecule, the C18H28O6 thermo-
gram’s Tmax (121 ◦C) is higher than in previously consid-
ered cases. Unlike the previously considered thermograms,
the C18H28O6 thermogram could be explained by simple
single-compound evaporation, i.e., without invoking decom-
position processes (Fig. 13a). For Fig. 13a, however, we
used C∗0 = 0.25 µg m−3, a seemingly high value for a Tmax
of 121 ◦C, for example when compared to the high-volatility
C10H14O5 component (C∗0 = 0.3 µg m−3), which peaks at
75 ◦C. Until this point, despite having typically involved
decomposition processes, the observed Tmax and the corre-
sponding model parameters (Figs. 9–12, Tables 2 and 3) have

roughly agreed with the Tmax–C∗ relationship as established
by Lopez-Hilfiker et al. (2014). But 0.25 µg m−3 lies con-
siderably above the value of ∼ 10−5 µg m−3 suggested by
that relationship when extrapolated to Tmax = 121 ◦C (from
data in the range 35 to 90 ◦C; Mohr et al., 2017). This dis-
crepancy is explained partly by the small Raoult factor for
C18H28O6, as derived from relative signal intensities (Ta-
ble 3) but chiefly by the surprisingly low 1H that the model
suggested due to the shallow slope of the low-temperature
side of the thermogram peak (60 kJ mol−1 for C18H28O6,
compared to 115 kJ mol−1 for C10H14O5). If we forewent fit-
ting the thermogram’s upslope and, for instance, used1H =
120 kJ mol−1, we would get Tmax = 121 ◦C by decreasingC∗

to∼ 10−3 µg m−3. In conclusion, the low1H used for mod-
eling the C18H28O6 thermogram in Fig. 13a is likely unphys-
ical and strongly suggests that the situation is more compli-
cated; i.e., the desorption signal from C18H28O6 is not simply
due to direct evaporation of a single compound.

An alternative way to model the C18H28O6 thermogram
is assuming it is itself the product of thermal decomposi-
tion. Using the simple strategy presented above (approach 2,
Ad = 3×1010 s−1), the model indeed obtained a good fit us-
ing a single activation energy, Ed = 92 kJ mol−1 (Fig. 13b).
The consequent dissociation rate constant at room tempera-
ture is kd, 0 = 2.8× 10−6 s−1, corresponding to a lifetime of
100 h. Although we did not observe dimers in the gas phase
in our experiments, that may be simply due to efficient parti-
tioning into the particle phase, as previous studies have sug-
gested that dimers of α-pinene oxidation products do form in
the gas phase (Ehn et al., 2014; Mohr et al., 2017). Even so,
they may react into a yet lower-volatility state in the parti-
cle phase. However, we suggest another alternative solution,
namely that the thermogram signal is the superposition of the
direct evaporation of three (or more) C18H28O6 isomers, with
their respective volatilities ranging from C∗0 = 2× 10−2 to
5× 10−5 µg m−3 (together with 1H = 120 to 146 kJ mol−1,
Table 3, Fig. 13c), a conceivable range for a large multi-
functional elemental formula and, moreover, also in the range
we expect (cf. Mohr et al., 2017).

5.3 Evaporation coefficients (α)

We want to reiterate here that we used an evaporation coeffi-
cient of α = 1 throughout Sect. 5. But as expected from the
discussion above (Sect. 4.3), equally good fits could gener-
ally be obtained under the assumption of a lower α by ad-
justing the free parameters accordingly, in particular C∗0 and
1H . For example in Sect. 5.1.3 (approach 3), a value of α =
0.1 would result in C∗0 = 5 µg m−3, 1H = 65 kJ mol−1, and
kg, 0 = 1.3×10−3 s−1 (compared toC∗0 = 0.8 µg m−3,1H =
88 kJ mol−1, and kg, 0 = 2×10−3 s−1 when α = 1). Evapora-
tion coefficients between 0.1 and 0.2 were suggested, e.g., by
Saleh et al. (2013) for SOA derived from α-pinene (in some-
what different conditions, e.g., relative humidity<10 %). We
also note here though that α much lower than 0.1 in turn re-
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quire unrealistically high values of C∗0 and 1H considering
the elemental compositions (e.g., C8H12O5).

5.4 Timescales of oligomeric material’s dissociation
(and formation where applicable)

Our implementation of principally reversible oligomeriza-
tion, as per Eq. (12), is based on previous, generally suc-
cessful attempts of describing SOA particle growth and/or
evaporation upon dilution or heating through inclusion of
such processes (Trump and Donahue, 2014; Kolesar et al.,
2015a). And on several points, our results quantitatively
agree with those studies. Trump and Donahue (2014), for in-
stance, achieved good agreement between model and experi-
ment when the dissociation of oligomers was effectively con-
trolling SOA evaporation upon dilution. Based on observed
evaporation timescales on the order of an hour, they used
kd, 0 = 10−4 s−1, together with formation rates of kg, 0 =

10−2 to 10−1 s−1, which were consistent with observations
of SOA growth. When implementing reversible oligomer-
ization in a more complex model of aerosol chemistry and
dynamics, values in the same ranges achieved best overall
agreement with observations: kd, 0 = 10−5 to 3× 10−3 s−1

and kg, 0 = 10−2 s−1 to 10−1 s−1 (Roldin et al., 2014). These
numbers are in good agreement with the values we have de-
rived here (Tables 2 and 3). Also Kolesar et al. (2015a) em-
ployed essentially the same reversible oligomerization equa-
tions for fitting a model to SOA heating-induced desorption
and isothermal evaporation data from Vaden et al. (2011), ob-
taining somewhat higher values, corresponding to the ranges
kd, 0 = 10−3 to 3× 10−2 s−1 and kg, 0 = 2 to ∼ 105 s−1.

All in all, the dissociation rates we obtain from applying
our model to FIGAERO thermogram data are mostly con-
sistent with previously derived values. They correspond to
room-temperature lifetimes (1/kd, 0) of 20 to 90 min when
using low activation energies (Ed<25 kJ mol−1) in model
simulations consistent with reversible oligomerization (Figs.
11, 12a, b). When initial steady state of reversible oligomer-
ization is assumed, the formation timescales (1/kg, 0)
are 1 to 15 min. When using high activation energies
(Ed>80 kJ mol−1; Figs. 12c, 13b), the inferred lifetimes
against dissociation at room temperature are much longer and
wide-ranging: an hour to years.

5.5 Activation energies Ed as indicator for the type of
thermal decomposition processes

Despite the ambiguities remaining in applying our model to
FIGAERO data, we do obtain from it stricter constraints on
dissociation kinetics, allowing more qualified conclusions on
the underlying decomposition mechanisms. Various detailed
mechanisms have previously been proposed (e.g., Lopez-
Hilfiker et al., 2015):

a. Thermal decomposition through O–O bond cleav-
age. The O–O bond is in general the weakest cova-

lent bond in oxygenated organic molecules. For or-
ganic peroxides, the O–O bond strength is tradition-
ally ∼ 140 kJ mol−1 but may cover a range from ∼ 90
to 200 kJ mol−1 (Bach et al., 1996). For some peroxy-
hemiacetals, activation energies forO–O bond cleavage
have been reported considerably lower, between 33 and
46 kJ mol−1 (Antonovskii and Terent’ev, 1967).

b. Cleavage of other covalent bonds. For instance, cer-
tain carboxyl and hydroxyl groups can undergo heat-
induced dehydration and decarboxylation even at tem-
peratures of 200 ◦C (Canagaratna et al., 2015). For cit-
ric acid (C6H8O7), such fragmentation has been directly
shown to occur during FIGAERO thermal desorption
experiments, starting at <150 ◦C (Stark et al., 2017).

c. Thermal breakup of a matrix of non-covalent H bond-
ing. In total, this matrix may be stronger in SOA than
in ideal mixtures or pure liquids or solids. Individ-
ual H bonds between organic molecules can be very
weak, with activation energies computed as low as
∼ 2 kJ mol−1, i.e., extending into the regime of van der
Waals-type interactions, and range up to ∼ 30 kJ mol−1

for interactions between carboxyl moieties (Steiner,
2002).

Mechanisms (a) and (b) could be both a source and a sink
of high-temperature signal for a certain composition during
a desorption run; a source via decomposition of any parent
compounds, a sink via decomposition of the considered com-
position itself. Mechanism (c) is more likely to appear as a
source than a sink, as even the smallest matrix precursor, a
two-molecule cluster, would be of relatively low volatility
and therefore likely dissociate before it would desorb upon
heating. In addition, organic molecular clusters bound by
H bridges almost certainly break inside the CIMS. The lit-
erature suggests that bindings with enthalpies smaller than
roughly 100 kJ mol−1 have a high probability of breakup in
the instrument’s atmospheric pressure interface (Iyer et al.,
2016; Lopez-Hilfiker et al., 2016a; Frege et al., 2018), practi-
cally eliminating the chances of detecting such hypothesized
parent structures directly.

Applying our model to SOA from α-pinene ozonolysis,
we achieve remarkably good fits to thermograms of many
major compositions when assuming that relatively low-
volatility material is dissociating with low activation energies
(Ed<25 kJ mol−1). Because we expect Eg to be very small
and used Eg = 0 here (Sect. 4.5), we are in rough agreement
in terms of 1E = Ed−Eg with the range given by Kolesar
et al. (2015a) (1E = 15 to 42 kJ mol−1, with smaller values
more likely). If we accept that these low activation energies
explain the high-temperature behavior of many individual
(monomers’) thermograms, the dissociating oligomers may
not actually be covalently bound monomers. Matrices estab-
lished by a network of weak H bonds, which substantially
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decrease the components’ volatility compared to ideal mix-
tures, are the mechanism most consistent with our combined
observations and modeling (mechanism c). Despite low ac-
tivation energies, the dissociation rates at room temperature
(kd, 0) are small, on the order of 1 h−1. In terms of the Ar-
rhenius relation (Eq. 17), these energies thus infer very slow
pre-exponential factors A, from ∼ 10 s−1 down to ∼ 10 h−1,
which may be indicative of a more complex decomposition
mechanism than heat-induced cleavage of simple bonds.

The high-temperature part of thermograms can in princi-
ple also be explained by thermal decomposition at higher ac-
tivation energies, i.e., Ed>50 kJ mol−1, in most cases how-
ever requiring not only one value but rather a distribution of
bonds with differing Ed (Figs. 10, 12c). Especially for rela-
tively small oxygenated organic compositions (e.g., C2H2O3,
Fig. 12c), the agreement between predicted and observed
thermograms is convincing and suggests that we are able
to attribute the full thermogram to the thermal decompo-
sition of less volatile organic material. This result is com-
patible with the expectations that such small compositions
would otherwise be too volatile to partition into the particle
phase at all. Activation energies for decomposition of around
100 kJ mol−1 suggest O–O bond cleavage as a source (Bach
et al., 1996; mechanism a).

Previous FIGAERO measurements of SOA, likely in
somewhat different conditions, have also produced relatively
narrow secondary peaks at high desorption temperatures,
standing mostly separate or superimposed on shoulders (e.g.,
Lopez-Hilfiker et al., 2015). These features were observed in
individual thermograms, specifically shown for large (#C>7)
monoterpene oxidation products, and suggest a contribution
of cleavages of covalent O–O bonds to the respective des-
orption signals.

5.6 Noted challenges

A potential issue, unaddressed in the current model, is that
heat-induced decomposition can also be a sink of signal
within an individual thermogram, in particular via mecha-
nisms (a) and (b) discussed above. For citric acid, for in-
stance, such decomposition leads to a faster-than-expected
drop of the corresponding signal as the desorption tempera-
ture is ramped up, while compositions corresponding to ex-
pected decomposition products can be observed (Stark et al.,
2017).

Stark et al. (2017) also pointed out that there can be large
differences in the response of individual FIGAERO instru-
ments during calibration experiments, in particular regard-
ing Tmax, and in particular when differences in the exact
instrument designs are involved. These discrepancies imply
the need to adjust our model for application to data from
different instruments. Such model calibration can likely be
achieved as described in Sect. 3.3. It appears likely that
model recalibration is also necessary whenever the sampling
or thermal desorption geometry of a specific instrument has

changed, in particular the heater setup including the position
of the thermocouples used for measuring the desorption tem-
perature profile.

Another issue, worth pointing out again, is the possible
errors introduced if there are indeed multiple isomers con-
tributing to a single composition’s thermogram and if their
volatilities (C∗0 ) differ but not by enough to be revealed by
separate thermogram peaks. We show a possible ambiguity
of this type for C18H28O6 (cf. Figs. 13a and 12c; Table 2).
The primary effect of simulating an observation of a single
thermogram peak by assuming multiple isomers (i.e., multi-
ple C∗0 ), instead of a single isomer, is that overall lower C∗0
and higher 1H need to be used.

Finally, there are challenges related to the CIMS detector.
Most notably for experiments on SOA, it is very common to
measure more than one elemental composition at an integer
(nominal) mass-to-charge ratio, requiring a sufficient resolv-
ing power to assign the correct compositions (Stark et al.,
2015; Cubison and Jimenez, 2015). An additional require-
ment here is that the mass axis calibration needs to be sta-
ble or maintained precisely throughout aerosol desorption,
such that drifts in calibration do not occur or are accounted
for. Such drifts would cause artificial shifts in how signal is
distributed between compositions of same nominal mass and
substantially affect the shapes of the respective thermograms.

5.7 Additional constraints through including
isothermal evaporation phases

To reduce ambiguities when applying our model, we rec-
ommend dedicated sets of experiments that go beyond the
classical desorption schedule consisting of a linear temper-
ature ramp plus soak period. The main goals are to reduce
ambiguities regarding which processes best simulate aerosol
evaporation and to confirm or improve the implementation of
vapor–surface interactions subsequent to aerosol desorption.
In Sect. 4.3 above, we already suggested some dedicated ex-
periments aimed at retrieving constraints on possible diffu-
sion limitations (α<1). Another recommendation is sets of
desorption experiments on SOA particles that include peri-
ods of isothermal evaporation of a variety of lengths, in par-
ticular at room temperature, or the temperature at which the
SOA was generated. Experiments similar to what we are sug-
gesting here are the earlier isothermal dilution experiments
using other detectors (Wilson et al., 2015). The straightfor-
ward approach here would be simply delaying the start of
heating, while observing SOA particle evaporation from the
filter upon mere removal of the gas phase, followed by a
standard temperature ramp to desorb the remaining mate-
rial (D’Ambro et al., 2018). The chief advantage is that all
temperature-dependent parameters are irrelevant for a period
of isothermal evaporation, most importantly activation ener-
gies and vaporization enthalpies. At room temperature, any
artifacts from imperfect heating (Sect. 3.3) are removed as
well. Also, such experiments can encompass many hours, al-
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lowing investigation of slow processes that become appar-
ent only at larger timescales, including the adequacy of the
model assumption of initial steady state. Therefore, such ex-
periments have a great potential to reveal possible inaccura-
cies, misrepresentations, or missing processes in the model.

As an example, we ran a set of simulations of one such 2 h
isothermal evaporation followed by a standard heated des-
orption (Fig. 14). For the three pairs of panels, the same
parameters were used as for Figs. 9–11, i.e., such that they
would yield good fits of the C8H12O5 thermogram in a stan-
dard run (thin green lines in Fig. 14; same as in Figs. 9–
11). The respective simulation results differ in terms of how
much material has reached the CIMS after 2 h of unheated
evaporation (decrease in magenta lines) and in the effect of
this period on the shape of the eventually obtained thermo-
gram (thick vs. thin green lines after 120 min). The orange
lines reveal that in all these cases an appreciable fraction
of C8H12O5 is simulated to be adsorbed to (filter) surfaces
at the end of 120 min of unheated evaporation. That is be-
cause, even though the (effectively) high-volatility compo-
nents evaporate fairly rapidly from the aerosol particles, their
assignedC∗0 (0.3–2 µg m−3) still lets them “stick” to the large
filter surface area. Hence it passes on to the CIMS much
more slowly, with corresponding consequences for the ther-
mogram shape obtained upon eventual heating. This effect
is smaller for a higher C∗; hence approach 2 (Fig. 14b) is
least affected. The biggest effect on the thermogram, when
followed by a 2 h isothermal evaporation, is seen for the re-
versible oligomer case (Fig. 14b), as most oligomers dissoci-
ate to monomers within that 2 h period at the dissociation rate
obtained in Sect. 5.1.3, kd, 0 = 5× 10−4 s−1. Therefore, we
would expect most of the thermogram shoulder to disappear.
If experimental data show that it does not, we will also have
to involve more stable parent compounds to explain the full
observations or revise our assumption of initial steady state
(e.g., oligomers may still be forming after filter sampling).

For actual results of experiments of the described type,
plus application of our model, we refer to the paper by
D’Ambro et al. (2018).

6 Conclusions

We have developed and presented here a model that can be
used, in general successfully, to reproduce thermograms ob-
tained by FIGAERO-CIMS. The model is based on physi-
cal and chemical processes that are known or have been sus-
pected to control thermal desorption of OA specifically, as
well as OA properties more generally. Thus, by using the
model to reproduce the thermograms of specific composi-
tions, quantitative information on the volatility and insights
into the chemical environment can be derived. The model of-
fers a high degree of flexibility. Several compounds can be
readily implemented into single simulations; monomers can
be formed by decomposition of parent compounds (treated as

non-volatile) or reversibly enter and leave non-volatile states
(such as oligomers).

The model reproduces very well the thermograms ob-
tained from FIGAERO measurements for the test case used
in this study: SOA derived from α-pinene dark ozonolysis.
As observed previously, most compositions’ thermograms
feature a peak, but a large fraction of the respective material
desorbs at higher-than-expected temperatures. The peak can
typically be explained by a single desorbing compound, with
the temperature of peak signal (Tmax) largely controlled by
the assigned room-temperature saturation concentration C∗0 ,
in agreement with previous thermogram calibrations and in-
terpretations. The remaining high-temperature fraction of the
thermograms, in our test case, typically constitutes>70 % of
the respective signal (Tables 2 and 3).

The majority of individual compositions’ thermograms
could be reproduced in the model by using only a single
compound, defined by molecular weight, C∗0 , and 1H , but
assuming that at the beginning of desorption it is in steady
state between a free (to evaporate) state and a non-volatile
state, such as forming part of an oligomer. The model sug-
gests that formation and dissociation of the oligomer state are
typically governed by unexpectedly low activation energies,
assumed negligible for the formation reaction and mostly
<25 kJ mol−1 for dissociation. Room-temperature dissocia-
tion rates are on the order of∼ 1 h−1, in agreement with over-
all SOA evaporation timescales reported in previous stud-
ies (e.g., Vaden et al., 2011; Trump and Donahue, 2014;
Roldin et al., 2014; Kolesar et al., 2015a). The low acti-
vation energies in our simulations suggest that the bulk of
large monomers that desorb from α-pinene SOA are initially
bound in matrices joined by a network of non-covalent H
bonds. Our assumption that this binding process is inherently
reversible actually has little effect on the quality of our fits
but implies formation timescales<15 min.

On the other hand, the thermograms of some smaller ob-
served oxygenated organic compositions (e.g., C2H2O3) are
explained best by modeling them as only being the prod-
uct of thermal decomposition, consistent with the expec-
tation that such small compounds would not actually be
present in the particle phase due to their high vapor pressure.
These simulations use plausible activation energy distribu-
tions around Ed ∼ 100 kJ mol−1, values suggestive of perox-
ide (O–O) bond cleavage. Cleavage of such stronger bonds
may also be involved in the thermograms of the larger com-
positions, and a clear contribution indeed appears likely for
other FIGAERO data (Lopez-Hilfiker et al., 2015), although
a rather slow isothermal evaporation at maximum tempera-
ture (200 ◦C) for those cases appears most consistent with
lower bond energies.

Overall, considerably more than 50 % of the oxygenated
organic material that is observed to desorb has been pro-
duced by decomposition processes. This conclusion con-
forms with conclusions reached also through less involved
analysis of FIGAERO data (e.g., Lopez-Hilfiker et al., 2015).
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Figure 14. Simulations of a 2 h period of isothermal evaporation of C8H12O5 at room temperature (left-hand panels) and the subsequent
thermograms (right-hand panels). Input parameters for (a), (b), and (c) are identical to those for Figs. 9, 10, and 11, respectively. The thick
lines in the left-hand panels show the fractions of monomers remaining in various states as indicated by the color scheme. Light blue fractions
(a, c) are monomers in the particle and free to evaporate, the dark blue fraction (c) is monomers bound in a non-volatile (oligomer) state
initially in steady state with the free monomers, the black fraction (b) are monomers in a pre-defined distribution of thermally decomposing
non-volatile compounds (black), and the orange fractions are monomers already desorbed from the particle but adsorbed to surfaces. The
thin magenta lines are the respective sums, equal to the fraction of monomers not yet sampled by the CIMS. The right-hand panels show
the simulated thermograms obtained following the 2 h isothermal evaporation period (thick green lines), normalized to the maximum of the
thermogram obtained without the 2 h period (shown by the thin green line).

Although based on a small selection of data, these num-
bers also broadly agree with earlier studies that have used
other methods to try to quantify how large of a fraction
of monoterpene-derived SOA consists of oligomeric com-
pounds. It has been concluded that these compounds con-
stitute around 50 % of SOA mass in laboratory setups (Bal-
tensperger et al., 2005; Hall and Johnston, 2011; Putman et
al., 2012), or even well above 50 % (Gao et al., 2004; Kolesar
et al., 2015a), in general agreement with observations made
on monoterpene-dominated ambient SOA (Kourtchev et al.,
2016).

Still, many individual thermograms feature a prominent
main peak, typically at relatively low temperature. The value
of this temperature (Tmax) is primarily controlled by C∗0 and
indirectly by 1H , in agreement with the Tmax–C∗0 relation-
ships commonly used in existing literature to interpret FI-
GAERO thermograms (e.g., Mohr et al., 2017; Stark et al.,
2017; Huang et al., 2018). Yet this interpretation alone will
result in a misleading description of the investigated SOA,

as the properties of more than half of the observed organic
material are implicitly misinterpreted. Thermograms entirely
shaped by decomposition processes, such as that of C2H2O3,
would be misinterpreted altogether. This study is not the first
to point that out, but it illustrates the issue in detail, and our
model now offers a tool that can be used to analyze the ma-
jority component of organic mass that is not described by
Tmax alone. Our model treats this material as non-volatile,
but it is sufficient for its constituents to have only such low
volatility that their decomposition occurs at lower tempera-
tures than their evaporation. So in addition to fractions of that
low-volatility material in SOA, we are now able to provide
well-defined upper limits to their volatility. A more com-
plete analysis of the FIGAERO datasets, aided by our model,
is clearly warranted. The model can also serve as a handle
on predicting the effects of various potential experimental
variables on FIGAERO observations. For example, effects of
varying particle viscosity, filter loading, and ramp rates can
be examined.
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The flexibility of the current model may also be considered
a weakness, as there can be several solutions to reproducing a
certain thermogram. Ultimately, such ambiguities are result-
ing from the lack of detailed understanding of the processes
underlying SOA properties, plus instrumental uncertainties,
the very issues the model is meant to investigate. It also
shows that the standard FIGAERO desorption experiments
alone are insufficient for providing the necessary informa-
tion to constrain all free parameters simultaneously. Conse-
quently, we have discussed possible future experiments, such
as composition-resolved isothermal evaporations, that could
be designed to address these issues. It may also prove crucial
to obtain a better understanding of blank experiments and
consequently of the possible errors when subtracting back-
ground based on those experiments. Comparison with results
from detailed aerosol chemistry and mass transport models
(e.g., Shiraiwa et al., 2012; Roldin et al., 2014) may further
prove useful in improving our overall descriptive and predic-
tive accuracies.

Code availability. A documented version of the model’s MATLAB
code is hosted on GitHub and publicly available at https://github.
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sites.
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