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d temperature-dependence in the
aqueous phase partitioning of organic acids and
bases in the atmosphere†

Olivia M. Driessen * and Jennifer G. Murphy

The gas-particle partitioning of low-volatility and semi-volatile organic compounds (L/S-VOCs) plays

a dominant role in the formation of secondary organic aerosol, carrying implications for the health and

climate effects of atmospheric particulate matter. Partitioning into aqueous particles and cloud droplets

can also impact the fates of L/S-VOCs in the atmosphere. As the NH3/NH4
+ conjugate pair begins to

dominate the buffering capacity of the atmospheric aqueous phase, there is a growing need to consider

how changing particle acidity may impact the phase distribution of different ionizable compounds. In this

work, we use a partitioning space framework and graphical assessment method to predict the effects of

varied pH and temperature on the partitioning behavior of 24 ionizable organic compounds, including

carboxylic acids and amines. As pH increases from 2 to 6, amines exhibit significantly increased affinity

for the gas phase, whereas a preference for the aqueous phase is generated among several weak acids

that would otherwise have remained vapors. We find that temperature can have a strong influence on

the partitioning of some compounds. However, temperature-dependence can vary widely between

compounds, and our analysis was limited by a lack of enthalpy values, necessitating reliable

thermodynamic data for a larger number of L/S-VOCs. We implement a new visualization to investigate

the partitioning behavior of lesser-studied compounds under varied conditions, and through this

approach we see that aerosol liquid water content can greatly impact pH-sensitivity in partitioning.
Environmental signicance

Understanding gas-particle partitioning is essential to our understanding of the composition and environmental impacts of particulate matter. Laboratory
studies investigating secondary organic aerosol yield are oen conducted under dry and/or warm conditions, with many lacking NH3. However, in the envi-
ronment, temperatures vary, particles may contain water, and NHx species increasingly govern aerosol pH. In this work, we nd that the partitioning of many
ionizable organics is signicantly impacted by varied pH and temperature, demonstrating the importance of considering their acid/base character in the
atmosphere. The modelling approach used herein can be applied widely to predict the phase distribution of ionizable organics under various conditions, as well
as to identify important variables and research gaps for future laboratory studies.
Introduction

Improved understanding of the composition and growth of
atmospheric particulate matter (PM) is important for global
climate and human health but faces challenges due to PM's
chemical and physical complexity. Secondary PM, which can
form through homogeneous nucleation from atmospheric
gases as well as the condensation of gases on existing particles,1

comprises a signicant portion of the global aerosol budget.2,3

The condensation of low-volatility and semi-volatile organic
vapors, particularly the oxidation products of biogenic volatile
onto, 80 St. George Street, Toronto, ON

l.utoronto.ca

tion (ESI) available. See DOI:

the Royal Society of Chemistry
organic compounds (VOCs), is thought to dominate the growth
of secondary organic aerosol (SOA).1,4–6 Meanwhile, inorganic
acids and bases, including sulfuric acid, nitric acid, and
ammonia, have traditionally been recognized as the main
drivers of particle nucleation, as well as the dominant compo-
nents of aqueous aerosol.7–10 However, studies in recent years
have increasingly identied short-chain alkylamines as power-
ful agents in the formation of new particles,11–13 as well as other
small (C2 and C3) organics as constituents of aqueous SOA.14

Understanding the gas-particle partitioning of low-volatility and
semi-volatile organic compounds (L/S-VOCs) is critical, as
organic compounds and their multiphase reactions can have
major implications for aerosol physicochemical properties and
climate forcing.15,16

Gas-particle partitioning of the compounds that contribute
to SOA has oen been modelled as a function of organic aerosol
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loading, temperature, and a compound's saturation vapor
pressure, for example using the volatility basis set approach of
Donahue et al.,17which treats PM as a single, organic condensed
phase. However, aqueous solvation also plays an important role
in the formation and chemical aging of SOA.14,18 Recent obser-
vations of particle morphology demonstrate the occurrence of
separate aqueous and organic phases within individual
particles,19–21 necessitating approaches that consider both
phases simultaneously. The framework developed by Pankow22

allows for the consideration of atmospheric liquid water, as well
as acidic and basic species, in its modelling of equilibrium
partitioning between gas and multi-phase PM. More recently,
Wania et al.23 introduced a two-dimensional chemical parti-
tioning space to visualize the distribution of compounds
between the gas, aqueous, and water-insoluble organic phases
in the atmosphere. Their analysis of a selection of VOC oxida-
tion products revealed the potential relevance of the aqueous
phase for compounds not previously thought to be associated
with aqueous SOA, including larger organics and many semi-
volatile products of a-pinene. Particularly under conditions
with high liquid water content (LWC), many S-VOCs which
would otherwise remain vapors were predicted to contribute to
SOA when partitioning to both the aqueous and organic phases
was considered. The aerosol phase partitioning of organics can
be impacted by not only the physicochemical properties of
a given compound of interest, but additionally atmospheric
conditions such as temperature, existing concentration of
organic PM, relative humidity and the resultant aerosol LWC,
and the inorganic electrolytes present in the PM.1,20,24

For ionizable organic compounds, pH can also have a strong
inuence on partitioning.21,25 In the U.S. and Canada, the
successful implementation of air quality regulations has led to
signicantly reduced emissions of SO2 and NOx in recent
decades, but similar reductions have not been seen for NH3

emissions.26,27 As a result, Lawrence et al.28 have observed long-
term trends of decreased acidity in cloud water at Whiteface
Mountain as the NH3/NH4

+ conjugate pair begins to dominate
the buffer capacity of the atmospheric aqueous phase. Zheng
et al.29 also conclude that NHx species control aerosol pH levels
in many populated continental regions. In addition, the same
group nds that aerosol systems in this NHx-dominated regime
are subject to increases or decreases in acidity over a wide
range, with pH depending much more strongly on LWC as
compared to sulfate-dominated systems.29,30 Thus, the role of
organics in aqueous PM may be evolving in recent years as the
electrolyte composition changes. Current pH estimates based
on eld observations indicate wide ranges in atmospheric
acidity, with aerosol pH ranging from −1 to 5, and cloud water
pH from 2 to 7.31,32 The inuence of pH on partitioning in the
indoor environment was recently demonstrated byWang et al.,33

who found that predicted gas-surface partitioning showed
better agreement with observations when acid–base dissocia-
tion was taken into account. These ndings imply a need for
better understanding of the effects of NH3 and pH changes on
SOA composition and yield, especially given that chamber and
ow reactor experiments investigating SOA yield are oen
conducted in dry air,34–36 lack NH3,37–40 or both.41–44 The effect of
592 | Environ. Sci.: Atmos., 2025, 5, 591–602
temperature must also be considered, as most published
studies are conducted at room temperature, leaving the cold
conditions common to Earth's atmosphere underrepresented.45

However, given the large number of variables impacting these
systems, as well as the vast diversity of atmospheric compounds
and reaction products that may contribute to SOA, it can be
difficult to assess the relative importance of each variable for
each specic case. Improved understanding of the compounds
and conditions for which gas-particle partitioning could be
sensitive to pH and temperature is needed. This will not only
identify experimental research gaps, but will also provide
insight into the environmental impacts of excess ammonia in
the atmosphere.

In this study, we predict the effects of varied pH and
temperature on the gas-particle partitioning behavior of 24
ionizable organic compounds, using the partitioning space
framework of Wania et al.23 and a combination of literature,
computational, and experimentally derived thermodynamic
parameters. We then introduce a modied graphical assess-
ment method, based in the same thermodynamic principles,
which can be used to evaluate pH-sensitivity in aqueous parti-
tioning for a broad range of compounds and atmospheric
conditions. Compounds of interest for our analysis comprise
a range of atmospherically relevant organic acids and bases,
including: low-molecular-weight amines, whose role in the
enhancement of new particle formation is of great interest but
whose gas phase concentrations are likely limited by their
partitioning into existing aqueous particles;11–13,46 monoprotic
carboxylic acids that have been detected in PM and/or are
known VOC oxidation products;47–50 multiprotic carboxylic acids
whose aqueous phase partitioning has been highlighted in
recent studies and may be especially sensitive to ammonia's
inuence;18,51–56 and organosulfates, signicant acidic constit-
uents of SOA whose thermodynamic properties are not well-
known.57–59

Methods

In this work, we examine the partitioning of ionizable organic
compounds between the gas (G), water (W), and water-insoluble
organic matter (WIOM) phases in the atmosphere, using the
two-dimensional partitioning space framework as dened by
Wania et al.23 The equilibrium partition coefficients, KW/G and
KWIOM/G, are predicted for each compound of interest from their
physicochemical properties (equations outlined in ESI†). In
order to investigate the effect of aerosol pH on partitioning
behavior, KW/G is modied to incorporate the effective Henry's
law constant, Heff, calculated at a given pH and temperature for
ionizable organics based on a compound's intrinsic H value and
its pKa value(s).

Through a combination of literature search, laboratory
experiments, and prediction soware, the necessary parameters
were determined to examine the partitioning behavior of 24
ionizable organic compounds under varied aerosol pH. For
seven of these compounds, enough data were available to model
the effect of varied temperature on phase distribution (i.e.,
experimental enthalpy values associated with the Henry's Law
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Experimentally determined enthalpies of dissociation, compared to literature values where available

Compound Experimental DHdiss (kJ mol−1) Literature DHdiss (kJ mol−1) References

Ammonia 53 � 3 51.92 101 (Experimental)
Methylamine 52 � 3 54.737 46 (Computed)
Ethanolamine 42 � 2 48.05 67 (Experimental)
cis-Pinonic acid −7.0 � 0.4
2-Hydroxyisobutyric acid 5 � 5
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constant, acid/base dissociation, and vaporization). Table 1
contains the relevant physicochemical parameters available for
the compounds investigated in this work.

Experimental and computational estimation of parameters

For many atmospherically relevant molecules, experimental
values for each of the thermodynamic parameters are not
available in the literature. In this work, the enthalpies of
dissociation of two organic acids (cis-pinonic acid (CPA) and 2-
hydroxyisobutyric acid (HIBA)) were determined for the rst
time that we know of via temperature-controlled potentiometric
titrations, which was also applied to ammonia, and two amines
(MA and MEA). At temperatures in the range of 2–45 °C, solu-
tions of the analytes at 0.015 M were titrated with either HCl or
NaOH at 0.3 M, and pH and temperature measurements were
conducted using a calibrated HACH sensION™ electrode.
Temperature was controlled using a refrigerated circulating
bath, lled with aqueous ethylene glycol solution and con-
nected to the half-jacketed ask that was the titration vessel.
The pKa value at each temperature was determined from the
rst derivative of the titration curve, and dissociation enthalpies
were derived from the resultant van't Hoff curves, with each
uncertainty calculated from the standard error in the slope
(Table 2). Our experimental dissociation enthalpy values show
reasonable agreement with the available literature values, and
experimental ambient-temperature pKa values (measured at
approximately 20 °C) all fell within 0.3 units of the corre-
sponding room-temperature literature values (Table S1†).

Finally, for several lesser-studied compounds, values of the
Henry's Law constant, pKa, vapor pressure, and/or enthalpy of
vaporization, were estimated using SPARC Performs Automated
Reasoning in Chemistry (SPARC).100 This calculation package
outputs various physicochemical parameters based on the
chemical structure of a compound, directly from the input of
a SMILES code. For this work, calculations were carried out for
a temperature of 25 °C and a pressure of 1 atm. For vapor
pressure calculations, which require the input of the
compound's melting point, either the SPARC-suggested melting
point was used, or the compound was assumed to be liquid at
room temperature. Values predicted for this work using SPARC
are shown italicized in Table 1.

Results and discussion

Based on their estimated KW/G and KWIOM/G, each compound of
interest is placed in the two-dimensional partitioning space,
where its affinity for the gas, aqueous, or WIOM phase may be
594 | Environ. Sci.: Atmos., 2025, 5, 591–602
assessed under specied atmospheric conditions. The phase
boundaries in Fig. 1 and 2 are drawn for a model case of urban
PM2.5,16,102 where liquid water content (LWC) and organic
aerosol loading (OAL) are both 10 mg m−3, the density of both
phases is assumed to be 106 g m−3, and the temperature is
298.15 K. For all gures, an average molecular weight of the
WIOM, 240 g mol−1, is used to calculate the gas-particle parti-
tion coefficient, K0,22,103 which is incorporated into KWIOM/G. For
this study, we assumed ideal mixing in each phase.

Comparing the panels of Fig. 1, we see that the modeled
aqueous phase affinity of several compounds is noticeably
altered when taking ionizability into account through the use of
Heff. As pH increases from 2 to 6 (Fig. 1B–D), the amines exhibit
decreased affinity for the aqueous phase, whereas weak organic
acids are predicted to partition more signicantly into aqueous
aerosol.

Where all necessary enthalpy values are available, the effects
of varied temperature on partitioning may be investigated as
well. In Fig. 2, the combined trends with pH and temperature
are shown for seven compounds for which the relevant enthalpy
values are known. Among the amines, there are steep slopes in
temperature dependence, indicating that temperature may
exert signicant inuence on their partitioning between gas and
aqueous aerosol. This can be attributed to the strong temper-
ature dependence of their dissociation constant, which impacts
Heff, as well as the relatively weaker temperature dependence of
the intrinsic H and p0L values (Table 1). For the acids, the
enthalpies of vaporization are larger in magnitude than those of
the amines, leading to a comparable or even greater inuence of
temperature on KWIOM/G than on KW/G. Temperature depen-
dence curves have only been added to the plot at pH 6 to
preserve the readability of Fig. 2, but it should be noted that
differences in temperature dependence may be observed
between pH values for multiprotic compounds, as each disso-
ciation is associated with a distinct enthalpy value. For the
multiprotic acids analyzed in this study, these differences were
small enough as to not be visually distinguishable in the gure,
due to the weak temperature-dependence in the dissociation of
these compounds.

The established framework can then be recast to probe the
pH-sensitivity of the partitioning behavior of a wider range of
compounds for which complete and reliable thermodynamic
data is not available. Rearrangement of the equation for the
aqueous phase fraction as presented by Wania et al.23 and that
of Heff allows for the determination of the pH–pKa difference
required for a monoprotic compound to partition into the
aqueous phase to a given degree, under a specied set of aerosol
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Placement of ionizable organic compounds in the atmospheric chemical partitioning space. KW/G and KWIOM/G values are calculated from
thermodynamic properties at 25 °C, for a model case where LWC = OAL = 10 mg m−3. Panel (A) ignores acid–base dissociation and assumes all
compounds are fully comprised of the neutral species, while panels (B–D) consider speciation at pH 2, 4, and 6, respectively, using the Heff to
derive KW/G.
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conditions (equation shown in ESI†). The requisite difference
between pH and pKa is visualized as a function of the
compound's intrinsicH and p0L values. In Fig. 3A, we identify the
pH–pKa difference at which each compound's aqueous phase
partitioning is most sensitive to changing aerosol conditions
(50% aqueous phase fraction), under a model case for urban
PM2.5.

For the range of monoprotic compounds studied here (with
pure liquid vapor pressures of ∼10−6–106 Pa), vapor pressure
does not appear to have an appreciable inuence on the pH-
sensitivity of their partitioning under the given conditions.
However, as can be seen from the change in shading on the far-
© 2025 The Author(s). Published by the Royal Society of Chemistry
le side of Fig. 3A, pH-sensitivity in partitioning (at a constant
value ofH) begins to decrease as vapor pressure decreases below
∼10−8 Pa in this system, corresponding to compounds that
show strong intrinsic affinity for the WIOM phase (log KWIOM/G

values > 14). The interplay of aqueous-phase pH effects with
compound vapor pressure would also likely be more signicant
in systems with higher OAL.

The relationship between H, p0L, and pH-sensitivity is ex-
pected to be strongly inuenced by LWC for many compounds
of interest. Fig. 3B uses a model case of cloud droplets,104 with
LWC = 140 mg m−3. In this case, a much lower pH–pKa

difference is required to generate a preference for the aqueous
Environ. Sci.: Atmos., 2025, 5, 591–602 | 595
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Fig. 2 Partitioning space placement of all compounds of interest for
which dissociation, aqueous solvation, and vaporization enthalpy
values were available in the literature. Placements of the fully neutral
compounds (labeled) are in vertical alignment with their respective
pH-impacted placements. Trends in varied temperature are displayed
at pH 6.
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phase for all compounds studied, and a compound's p0L exerts
even less inuence than in the case of LWC = 10 mg m−3.

The visualization shown in Fig. 3 can be used for a detailed
projection of which phase will dominate the fate of individual
Fig. 3 Monoprotic compounds of interest placed in pH-sensitivity as
minimum pH–pKa difference required for a compound with a given H
Compounds whose dominant reservoir is the gas phase are represen
a preference for the WIOM phase over the gas phase. (A) Urban PM2.5 mo
LWC = 140 mg m−3, and OAL = 10 mg m−3.

596 | Environ. Sci.: Atmos., 2025, 5, 591–602
compounds of atmospheric interest under different sets of
conditions. For instance, with DMA, whose pKa is 10.73,60

preference for the aqueous phase in our urban PM2.5 model case
would require a highly acidic aerosol pH, no greater than 2–3.
However, in our cloud droplet system, anything below an
approximately neutral pH would result in a preference for the
aqueous phase by DMA. Meanwhile, the pH of urban PM2.5

would need to be approximately neutral or above for TFA (pKa =

0.47)50 to preferentially partition into the aqueous phase, but
any pH above 2–2.5 would result in over 50% abundance of TFA
in aqueous cloud droplets. This analysis can also be applied to
lesser-studied compounds for which the pKa is not known, such
as organosulfates. Using H and p0L values estimated in SPARC
based on chemical structure, we see that the organosulfate MTS
likely shows a strong preference for the aqueous aerosol phase
regardless of pH and LWC.

Although much of this study has focused on small organic
acids and bases whose aqueous affinity is primarily in compe-
tition with the gas phase, larger, more “WIOM-like” organic
molecules are also signicant atmospheric constituents, and
long-chain n-alkanoic acids have been detected in PM, due to
diesel vehicle emissions,105 as well as originating from plant
wax.106 Our graphical assessment approach facilitates a low-
effort examination of whether these compounds' partitioning
behavior warrants a closer look with regard to variation in pH.
We nd that the partitioning behavior of long-chain n-alkanoic
acids (C15–C23) would likely not be sensitive to pH changes in
PM with low LWC. Despite the apparent change in pH-
sensitivity between the two panels of Fig. 3, these compounds
are realistically not much more likely to partition into cloud
water than into aqueous PM, as they still require a pH–pKa
sessment plot, where shading represents the absolute value of the
and p0L to partition 50% into the aqueous aerosol phase at 25 °C.

ted by square symbols, whereas circles represent compounds with
del case, where LWC =OAL = 10 mg m−3. (B) Cloud model case, where

© 2025 The Author(s). Published by the Royal Society of Chemistry
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difference of 3–3.5 for a 50% fraction in the aqueous phase
relative to the WIOM phase. The pKa values of these large
organic acids are likely to be greater than 5, based on the
longest-chain acid for which literature data is available
(dodecanoic acid, pKa = 5.3 at 20 °C).72

Overall, the results of these analyses indicate that the
aqueous phase affinity of ionizable compounds can be highly
sensitive to changes in pH. This has implications for the
composition and resultant properties of aerosol and cloud
water in the environment. In addition, we nd that ionizable
organics may exhibit widely varying temperature dependence in
their gas-particle partitioning, particularly when considering all
three phases. The amines studied herein, which have large
dissociation enthalpy values, show a strong temperature
dependence in their aqueous partitioning. Meanwhile, the
organic acids we have studied tend to show comparable or
stronger temperature dependence in their partitioning into the
WIOM phase. Finally, we have implemented a graphical pH-
sensitivity assessment approach, which can be used to fore-
cast the importance of the aqueous phase for a wide variety of
compounds under specied atmospheric conditions. We nd
that the relationship between H, p0L, and pH-sensitivity in
aqueous partitioning is strongly dependent on aerosol condi-
tions such as LWC and OAL. Although the WIOM phase is not
predicted to be a dominant reservoir for many of the
compounds andmodel systems studied herein, WIOM-W phase
partitioning, as well as p0L, may play a more signicant role for
larger, lower-volatility organic compounds, or in systems with
a higher organic aerosol loading.

Conclusion

This work demonstrates the importance of considering the
effect of pH on the gas-particle partitioning of ionizable
organics, particularly given the wide pH-variation and changing
composition observed in the atmospheric aqueous phase. In
regions where a long-term increase in aerosol pH is observed,
weak bases like amines may show increased abundance in the
gas phase, potentially inuencing their relevance for new
particle formation. Meanwhile, decreased PM acidity could
increase the aqueous-phase abundance of many organic acids
which may otherwise have remained vapors. Opposite trends
could be observed in regions with increased aerosol acidity.
These changes in PM composition, and in turn, related multi-
phase reaction pathways, could impact the optical properties of
aerosols and their effects on human health, as well as the fates
of various atmospheric pollutants. Accurately predicting gas-
particle partitioning with these processes in mind, using the
techniques shown herein, will improve our understanding of
the health and climate effects of PM.

While we found that temperature can have a strong inuence
on the partitioning behavior of some atmospheric species, our
temperature-dependence analysis was limited to compounds
with complete, reliable thermodynamic data available, which is
not the case for the vast majority of compounds relevant to SOA.
Experimental data are generally preferable with regard to
enthalpy values, as there can be wide discrepancies when using
© 2025 The Author(s). Published by the Royal Society of Chemistry
computational estimation techniques.107–109 Enthalpy values for
vaporization, aqueous solvation, and dissociation should be
experimentally determined for more analytes, but given the
immense number of atmospherically relevant compounds, this
poses a challenge for investigating temperature dependence in
partitioning at present. The graphical pH-sensitivity assessment
approach implemented in this work helps address that chal-
lenge. This technique is useful for predicting the fate of
compounds whose properties are not well-studied, as it utilizes
only two compound-specic parameters, which for these
purposes can be experimental or computational values. The
prediction of pH-sensitivity in partitioning can inform labora-
tory studies by indicating the importance of variables such as
humidity and inorganic content in SOA, as well as identifying
compounds for which more thermodynamic data is needed.
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D. R. Worsnop, M. Kulmala and N. M. Donahue, The
contribution of organics to atmospheric nanoparticle
growth, Nat. Geosci., 2012, 5, 453–458.

5 M. Ehn, J. A. Thornton, E. Kleist, M. Sipilä, H. Junninen,
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A. Tomé, R. Wagner, M. Wang, L. Weitz, D. Wimmer,
M. Xiao, C. Yan, P. Ye, Q. Zha, U. Baltensperger,
J. Curtius, J. Dommen, R. C. Flagan, M. Kulmala,
J. N. Smith, D. R. Worsnop, A. Hansel, N. M. Donahue
and P. M. Winkler, Rapid growth of organic aerosol
nanoparticles over a wide tropospheric temperature
range, Proc. Natl. Acad. Sci. U. S. A., 2018, 115, 9122–9127.

38 M. Ozon, D. Stolzenburg, L. Dada, A. Seppänen and
K. E. J. Lehtinen, Aerosol formation and growth rates
from chamber experiments using Kalman smoothing,
Atmos. Chem. Phys., 2021, 21, 12595–12611.

39 M. Glasius, M. Lahaniati, A. Calogirou, D. Di Bella,
N. R. Jensen, J. Hjorth, D. Kotzias and B. R. Larsen,
Carboxylic Acids in Secondary Aerosols from Oxidation of
Cyclic Monoterpenes by Ozone, Environ. Sci. Technol.,
2000, 34, 1001–1010.

40 A. C. Flueckiger and G. A. Petrucci, Methodological
advances to improve repeatability of SOA generation in
environmental chambers, Aerosol Sci. Technol., 2023,
57(9), 925–933.

41 K. Kristensen, L. N. Jensen, L. L. J. Quéléver,
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