
lable at ScienceDirect

Atmospheric Environment 126 (2016) 290e297
Contents lists avai
Atmospheric Environment

journal homepage: www.elsevier .com/locate/atmosenv
Formation of high-molecular-weight compounds via the
heterogeneous reactions of gaseous C8eC10 n-aldehydes in the
presence of atmospheric aerosol components

Yuemei Han a, b, Kimitaka Kawamura c, Qingcai Chen a, Michihiro Mochida a, *

a Graduate School of Environmental Studies, Nagoya University, Nagoya, Japan
b Air Quality Research Division, Environment Canada, Toronto, Canada
c Institute of Low Temperature Science, Hokkaido University, Sapporo, Japan
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� High-molecular-weight compounds were formed in the presence of atmospheric aerosols.
� Self-reactions of n-aldehydes are possibly mediated by atmospheric organic components.
� Reactions of n-aldehydes with atmospheric organic species are another possible pathway.
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a b s t r a c t

A laboratory study on the heterogeneous reactions of straight-chain aldehydes was performed by
exposing n-octanal, nonanal, and decanal vapors to ambient aerosol particles. The aerosol and blank
filters were extracted using methanol. The extracts were nebulized and the resulting compositions were
examined using a high-resolution time-of-flight aerosol mass spectrometer. The mass spectral analysis
showed that the exposures of the aldehydes to aerosol samples increased the peak intensities in the high
mass range. The peaks in the organic mass spectra of the aerosol samples after exposure to different
aldehydes were characterized by a homologous series of peak shifts due to the addition of multiple CH2

units. This result is explained by the formation of high-molecular-weight (HMW) compounds that
contain single or multiple aldehyde moieties. The HMW fragment peaks for the blank filters exposed to
n-aldehydes were relatively weak, indicating an important contribution from the ambient aerosol
components to the formation of the HMW compounds. Among the factors affecting the overall inter-
action of aldehydes with atmospheric aerosol components, gas phase diffusion possibly limited the re-
actions under the studied conditions; therefore, their occurrence to a similar degree in the atmosphere is
not ruled out, at least for the reactions involving n-nonanal and decanal. The major formation pathways
for the observed HMW products may be the self-reactions of n-aldehydes mediated by atmospheric
aerosol components and the reactions of n-aldehydes with organic aerosol components. The observed
formation of HMW compounds encourages further investigations into their effects on the aerosol
properties as well as the organic aerosol mass in the atmosphere.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Aldehydes constitute a portion of the oxygenated organic
compounds in the atmosphere. They are present as gaseous volatile
organic compounds (VOCs) and as particulate components
a-u.ac.jp (M. Mochida).
(Matsunaga et al., 2003, 2004; Kawamura et al., 2013). Aldehydes
are emitted directly by biogenic and anthropogenic sources, and are
also formed secondarily in atmospheric chemical reactions
(Kesselmeier and Staudt, 1999; Lary and Shallcross, 2000; Hallquist
et al., 2009). The formation pathways of aldehydes include gas-
phase reactions initiated by the abstraction of hydrogen from the
alkyl chains in organic molecules by hydroxyl radicals and the
addition of hydroxyl radicals to double bonds. The ozonolysis of
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unsaturated organics also leads to the formation of aldehydes
(Kawamura and Gagosian, 1987; Thornberry and Abbatt, 2004;
Vesna et al., 2009). To understand the formation and trans-
formation processes of gaseous/particulate organics in the atmo-
sphere, detailed mechanisms of the further reactions of aldehydes
(i.e., their fates) need to be clarified. Although several degradation
pathways, including photolysis and oxidation to carboxylic acids,
have been reported (Atkinson and Arey, 2003; Chacon-Madrid
et al., 2010), efforts to investigate the chemical transformation
processes of aldehydes and the associated roles of those processes
in the atmosphere are still in progress.

An emerging topic in the role and fate of aldehydes is the
interaction between gaseous aldehydes and aerosol particles. The
reactions have been investigated in view of the secondary organic
aerosol (SOA)mass in the atmosphere and the potential importance
of other particle properties (e.g., optical and hygroscopic proper-
ties). Aqueous phase photochemical reactions of aldehydes may
serve as a source of SOA in the atmosphere (Lim et al., 2010; Ervens
et al., 2011), and the reactions in the absence of light are also a
potential source of SOA (Jang et al., 2002, 2003). Aldehydes were
proposed to undergo chemical reactions such as hydration, hemi-
acetal/acetal formation, polymerization, and aldol condensation to
form SOA (Jang et al., 2002).

Thus far, short-chain aldehydes such as glyoxal and methyl-
glyoxal have received much attention due to their ability to form
SOA. In contrast, studies on the heterogeneous reactions of long-
chain n-aldehydes are scarce and the significance of those re-
actions remains under debate. The formation of SOA from alde-
hydes, including octanal and decanal, has been reported (Jang et al.,
2002). Garland et al. (2006) observed the substantial uptake of
organic material during the exposure of acidic ammonium sulfate/
sulfuric acid particles to hexanal vapor and identified aldol
condensation and hemiacetal products. However, no growth of SOA
was observed for most of the carbonyls studied by Kroll et al.
(2005). Barsanti and Pankow (2004) reported that the hydration,
polymerization, hemiacetal/acetal formation and aldol condensa-
tion of n-butanal, n-hexanal, and n-octanal were not thermody-
namically favored when considering the gas/particle equilibrium.
The reactive uptake was found to be important only under condi-
tions of low relative humidity (RH) and high vapor concentration
(Lee et al., 2008; Li et al., 2008).

The influence of the particulate phase composition on the ac-
cretion reactions of n-aldehydes is not clear. Most of the previous
laboratory studies on the formation of SOA from aldehydes used
simple inorganic components as seed particles. However, such
particles are not commonly present in the atmosphere. Chan and
Chan (2011) found that the reactive uptake of nonanal by acid
particles was enhanced in the presence of hydrophobic particle-
phase organics (i.e., oleic acid), which was supposedly due to the
enhanced solubility of nonanal and thus its increased availability
for particle-phase reactions. Considering the large fraction of
organic aerosols in the real atmosphere, the products from het-
erogeneous reactions of long-chain monofunctional aldehydes
could be different from those observed in previous laboratory
studies. Given that the reactions in/on complex ambient aerosol
particles cannot be fully elucidated theoretically with our current
knowledge, experimental studies on the interactions of long-chain
aldehydes with ambient aerosol components are essential to
evaluate their contributions to SOA formation.

In this study, we investigated the possible contributions of at-
mospheric aerosol components to the heterogeneous reaction of
long-chain n-aldehydes, which are n-octanal, n-nonanal, and n-
decanal. These aldehydes have been detected in the atmosphere
(Kesselmeier and Staudt, 1999; Matsunaga et al., 2003, 2004), and
their reactive uptakes by inorganic seed particles have been
investigated (Jang et al., 2003; Li et al., 2008; Lee et al., 2008). Here,
we report the heterogeneous reactions of n-aldehydes in the
presence of atmospheric aerosol components, based on a labora-
tory study using ambient aerosol samples as the medium for these
reactions. The products and the ambient aerosol components were
extracted using methanol, and the extracts were atomized and
analyzed using aerosol mass spectrometry. The formation of high-
molecular-weight (HMW) compounds is investigated based on the
mass spectral patterns of aerosol samples exposed to n-aldehyde
vapors. The chemical structural characteristics and the temporal
evolution of the HMW compounds are analyzed. Furthermore, the
formation pathways of the HMW compounds and the potential
significance of these reactions in the atmosphere are discussed.

2. Experimental methods

2.1. Aerosol sampling and aldehyde-exposure experiments

Urban atmospheric aerosols were sampled on a balcony
(approximately 10 m above ground level) of a building at Nagoya
University, Japan (35.15� N and 136.97� E) in June 2010. The sub-
micron aerosol particles were collected on quartz fiber filters
(20 � 25 cm2) for 72 h using a high-volume air sampler (model
120B, Kimoto Electric Co. Ltd., Osaka, Japan) with a cascade
impactor (50% cut-off diameter of 0.95 mm, TE-230, Tisch Envi-
ronmental Inc., OH, USA). The blank samples were collected by
switching on the pump of the air sampler for only 15 s. Among the
collected filter samples, two aerosol samples and two blank filters
were used in the following aldehyde exposure experiments.
Another two aerosol samples were used to assess the potential
artifacts of HMW compounds in the measurement procedures.

n-Octanal, nonanal and decanal vapors were generated using a
Permeater (PD-1B, GASTEC Co., Kanagawa, Japan) equipped with
diffusion tubes. Pure dry nitrogen (99.99995%) was used as the
carrier gas. Table 1 summarizes the mixing ratios of the n-alde-
hydes and the other experimental conditions. The experimentally
determinedmixing ratios of the n-aldehydes were derived from the
weights of the diffusion tubes with the n-aldehydes before and
after the exposure experiments. They are close to the mixing ratios
calculated theoretically from the geometry of the diffusion tubes
and the estimated diffusion coefficients. We use the experimentally
determined mixing ratios for the following analysis. For each
exposure experiment, one slice was punched from one filter sam-
ple, and another was punched from the other filter sample (9.1 cm2

each). The filter slices were placed into a 10.6 L stainless steel re-
action vessel, to which a mixture of n-aldehyde vapor and nitrogen
was introduced continuously at a flow rate of 0.285 L min�1. In
some experiments, blank filters and aerosol samples were exposed
to aldehydes in the reaction vessel at the same time. As no water
vapor was added, the exposures were considered to be performed
under dry conditions. All the exposure experiments were per-
formed under room temperature conditions, whereas the temper-
ature inside the reaction vessel may have been influenced by the
temperature of the permeater with diffusion tubes (set to 50 �C). No
light was illuminated to the ambient aerosol samples in the reac-
tion vessel, although the possible transmission of a small amount of
light via the tubes attached to the reaction vessel was not
eliminated.

2.2. Sample extraction and measurement

After the exposures to aldehyde vapors, the aerosol components
on the filter samples were extracted ultrasonically using 6 g
methanol for 30 min (2 g � 10 min � 3 times). The extracts were
filtered through 0.22 mm pore size Millex-GV filters (Millipore Co.,



Table 1
Summary of the experimental conditions.

Experiment Aldehyde vapor (M.W., g mol�1) Exp. mixing ratioa (ppm) Theor. mixing ratiob (ppm) Number of filter samples usedc Exposure time (h)

1 none 0 0 2 blanks and 2 aerosols 0
2 none 0 0 2 aerosols 16
3 n-C8H16O (128.1) 25.7 44.2 2 blanks and 2 aerosols 16
4 n-C9H18O (142.1) 2.7 4.2 2 aerosols 16
5 n-C9H18O 5.3 8.3 2 aerosols 16
6 n-C9H18O 10.3 16.7 2 blanks and 2 aerosols 16
7 n-C10H20O (156.2) 3.8 6.8 2 aerosols 2
8 n-C10H20O 3.8 6.8 2 aerosols 4
9 n-C10H20O 3.8 6.8 2 aerosols 8
10 n-C10H20O 3.8 6.8 2 blanks and 2 aerosols 16
11 n-C10H20O 3.8 6.8 2 aerosols 32

a Calculated from the weights of the diffusion tubes with aldehyde before and after the exposure experiments.
b Calculated theoretically from the geometry of the diffusion tubes and the estimated diffusion coefficients.
c Aerosol samples and blank filters in each experiment were exposed in the reaction vessel at the same time.
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Fig. 1. Chemical compositions of atmospheric aerosol samples (a) 1 and (b) 2 used for
the aldehyde exposure experiments.
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MA, USA) for further chemical determination. The filtrates were
atomized using a syringe pump (KDS 100, KD Scientific, MA, USA)
with pure nitrogen as the carrier gas, and then dried using two
diffusion dryers filled individually with activated carbon and silica
gel. The chemical compositions of the generated aerosol particles
were measured using a high-resolution time-of-flight aerosol mass
spectrometer (HR-ToF-AMS, Aerodyne Research, Inc., MA, USA)
(DeCarlo et al., 2006). The AMS was operated alternately in V- and
W- modes for 5 min each, and data were acquired using ToF-AMS
data acquisition software (ToF-AMS DAQ v3.1.0). The collected
data were then analyzed using standard ToF-AMS data analysis
software (SQUIRREL v1.52 and PIKA v1.11, http://cires.colorado.edu/
jimenez-group/ToFAMSResources/ToFSoftware/). The O/C and H/C
ratios were obtained from the elemental analysis of high-resolution
mass spectra from the AMS measurements. The AMS measure-
ments were also performed for methanol extracts from the ambient
aerosol samples without aldehyde exposures and the blank filters.
Quantification of the methanol-extractable organic components
was performed by analyzing the mass spectra of the extracted or-
ganics, the pure phthalic acid, and the mixtures of the extracted
organics and phthalic acid (Mihara and Mochida, 2011; see Section
S1 in the supplementary material for details).

The original ambient samples (i.e., the samples without expo-
sure to aldehydes) were subjected to chemical analysis as well. The
ionic species (Naþ, NHþ

4 , K
þ, Ca2þ, Mg2þ, MSA�, F�, Cl�, NO�

2 , NO
�
3 ,

PO3�
4 , and SO2�

4 ) were measured using an ion chromatograph
(model 761, Metrohm Ltd., Herisau, Switzerland). Organic carbon
(OC) and elemental carbon (EC) were measured using a thermal/
optical carbon aerosol analyzer (Sunset Laboratory Inc., OR, USA)
with the Interagency Monitoring of Protected Visual Environments
(IMPROVE) protocol. The mass concentrations of the ionic species,
OC, and EC were corrected using the results from the blank filters
(n ¼ 3).
3. Results and discussion

3.1. Chemical composition of aerosol particles

The chemical compositions of the two aerosol samples used in
the aldehyde exposure experiments (based on the ion chroma-
tography and thermal/optical carbon analysis) are presented in
Fig. 1. The summedmass concentrations of ionic species, OC, and EC
were 13.4 and 10.6 mgm�3 for aerosol samples 1 and 2, respectively.
Sulfate, OC, and ammonium were three major components in both
samples, with sums accounting for more than 87% of the total
masses of the quantified components. The O/C and H/C ratios of the
methanol-extractable organics in sample 1 were 0.46 and 1.43,
respectively, and those for sample 2 were 0.39 and 1.49, respec-
tively. The OC masses of methanol-extractable organics in samples
1 and 2 derived from the least-squares method were 3.5 and
4.1 mg m�3, respectively, which were close to those of 2.4 and
2.8 mg m�3 determined from the carbon analyzer. This result sug-
gests that these O/C and H/C values represent the major charac-
teristics of organics in the aerosol samples.

The molar-equivalent ratios of cations to anions were close to
unity for aerosol samples 1 and 2 (i.e., 0.89 and 0.93, respectively),
which were calculated by ([Naþ] þ [NHþ

4 ] þ [Kþ] þ 2[Ca2þ] þ 2
[Mg2þ])/([F�] þ [Cl�] þ [Br�] þ [NO�

2 ] þ [NO�
3 ] þ [MSA�] þ 2

[SO2�
4 ]), where [X] is the molar concentration of species X. The

actual acidities of the aerosol particles in the reaction vessel are
unknown, given the possible neutralization of aerosol particles
during the aldehyde exposure experiments and the chemical
analysis procedures. Although the acidity of aerosol particles may
have been suppressed by the formation of (NH4)3H(SO4)2 crystals
under the studied dry conditions, the particles were possibly still
acidic due to the presence of organic acids. Further, the presence of
organics in the particles may have suppressed the crystallization of
(NH4)3H(SO4)2 (Parson et al., 2006) and led to the enhancement of
the acidity. However, the studied conditions of the aerosol particles
on filters for heterogeneous reactions were probably largely
different from those of simple acid seed particles in previous
studies, because the presence of atmospheric organic components
would affect the reactive uptake of gaseous aldehydes.
3.2. Formation of high-molecular-weight compounds

Fig. 2 presents the ratios of the relative signal intensities in the
organic mass spectra of the aerosol samples exposed to n-octanal,
nonanal, and decanal to those of the samples without aldehyde
exposures. For the aerosol samples exposed to n-aldehyde vapors, a
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strong enhancement of the relative signal intensities for a series of
peaks was observed in the high mass range at m/z 150e531. The
relative intensities of these peaks were as high as eight times those
for the samples without aldehyde exposures. The enhancement on
an absolute mass concentration basis (right axis) was also observed
for these peaks in the high mass range. This result is reasonably
explained by the formation of HMW compounds and the detection
of fragment/molecular ions from the electron ionization.

The changes in the peak patterns by the exposures to n-
nonanal and n-decanal vapors resemble those by the exposure to
n-octanal, but with shifts in the peak positions. As shown in Fig. 2,
the enhancement patterns at m/z 164e218 for n-octanal appeared
with shifts of 14 Da for n-nonanal (m/z 178e232) and 28 Da for n-
decanal (m/z 192e246). The shifts of 14 and 28 Da presumably
correspond to the longer alkyl chains of n-nonanal (one -CH2-
unit) and n-decanal (two -CH2- units) with respect to n-octanal.
Therefore, at least a single unit of an aldehyde moiety could
constitute the products and lead to these fragment patterns. For
the n-octanal peaks near m/z 238e288, the dependences of the
peak positions on the aldehydes doubled, i.e., the peak shifts were
28 and 56 Da for n-nonanal and n-decanal, respectively. In this
case, at least two units of aldehyde moiety could contribute to the
HMW compounds and lead to the observed peak patterns. Simi-
larly, shifts of 42 and 84 Da were observed for the n-octanal peaks
at m/z 348e384, suggesting the production of HMW compounds
with three or more units of aldehyde moiety. Furthermore, HMW
products with four or more units of aldehyde moiety were likely
formed, given that shifts of 56 Da for the n-octanal peaks near m/z
446e468 were observed. To validate the above comparison, the
correlation coefficients of the organic mass spectra in specific m/z
ranges were calculated for a series of combinations of m/z ranges
(Fig. 3). The similarity in the peak patterns with shifts of 14 � n
and 28 � n Da (where n is an integer) in the organic mass spectra
of the aerosol samples exposed to n-nonanal and n-decanal versus
those exposed to n-octanal are evident from the high correlations
at D (Da) of multiples of 14 and 28 for n-nonanal and n-decanal,
respectively. These results suggest that the gaseous n-aldehydes
were involved in the heterogeneous reactions and that at least a
part of their masses constituted the HMW products. Note that the
detected fragment ions from the AMS analysis may have
originated from HMW compounds containing larger units of
aldehyde moiety due to fragmentation in the ionization process
during the AMS measurements.

To assess the possibility that the quartz filter substrates acted as
a medium onwhich the HMW products were formed from gaseous
aldehydes, the organic mass spectra of the blank filters after n-
aldehyde exposures were examined. Fig. 4 presents a comparison
between the average organic mass spectrum from the extracts of
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the two blank filters exposed to n-decanal with the addition of
phthalic acid, and the organic mass spectrum of sample 1 exposed
to n-decanal. Here, the signal intensity corresponds to the amount
of organic mass on the filters (see section S1 in the supplementary
material). We analyzed the mass spectra of the blank filters with
the addition of phthalic acid because the increased size of the
atomized particles might have helped the detection by AMS. Unlike
the clear peaks with systematic patterns observed in the ambient
aerosol sample exposed to n-decanal (Fig. 2), the corresponding
peaks in the average organic mass spectrum of the blank filters
exposed to n-decanal are relatively weak, as seen from Fig. 4.
Similar results were obtained from a comparison of sample 2 and
the blank filters after exposed to n-decanal as well as the com-
parisons for the samples exposed to n-octanal and n-nonanal
(Fig. S3). Therefore, we conclude that the presence of atmospheric
aerosol components played an important role in the formation of
HMW compounds under the studied conditions. Furthermore, we
obtained evidence that the observed HMW products were not
likely formed in evaporated droplets within/after the diffusion
dryer during the AMS measurement. A controlled experiment was
performed by adding n-decanal into methanol extracts of the
aerosol samples without aldehyde exposure and measuring the
diffusion-dried particles with AMS. Although some peaks in the
high mass range of the organic mass spectra increased after the
addition of n-decanal (Fig. S5), the peak patterns were relatively
simple and largely different from those from the exposure experi-
ments (Fig. 2c).

In contrast to the large changes in the organic mass spectral
patterns in the high mass range, the changes in the mass spectra in
the lowmass range (m/z < 100, accounting for more than 87% of the
total signal intensities) were not obvious (see Fig. 2). Consistently,
the absolute masses of organic components after aldehyde expo-
sure were not different obviously from those without aldehyde
exposures (see Fig. S6). The calculated changes after the aldehyde
exposures ranged from �16% to 11%, which could be partly caused
by the measurement uncertainty. Therefore, it is likely that only a
small portion of the atmospheric aerosol component interacted
with the aldehydes, and/or the contributions of the HMW products
to the organic mass might have been offset by the evaporation of
some HMW products and atmospheric aerosol components.

If a small portion of the atmospheric aerosol component inter-
acted with the aldehydes in this study, there are several possible
causes. The formation of HMW products from heterogeneous re-
actions under the studied conditions might be limited by diffusion
in the gas and particle phases. Although the actual amounts of al-
dehydes that interacted with the samples as a result of gas phase
diffusion are difficult to quantify, a rough estimate showed that the
flux of aldehyde vapors for each filter slice over 16 h was 2.5 and 2.2
times the organic mass on the filter punches for aerosol samples 1
and 2, respectively (Section S2), assuming the gaseous aldehydes
statically surrounded the filters in the reaction vessel. Furthermore,
the organic aerosol components at low RH conditions may be
amorphous solid or semisolid and be highly viscous, because of
which the reactions accompanying the diffusion of molecules in the
particle bulk could have been slowed (Shiraiwa et al., 2011;
Renbaum-Wolff et al., 2013). If aerosol particles were densely
collected on the filter surface, the aldehyde vapors could have
interacted only with the aerosol particles on the top layers, which
would also limit the interactions of the aldehydes with the aerosol
components.

3.3. Dependency of the HMW products on n-aldehyde exposure
time and mixing ratio

The production of HMW compounds depends on the exposure
time of n-aldehyde vapors. Fig. 5a presents the increases in the
relative signal intensities in the organic mass spectra of aerosol
samples exposed to n-decanal vapor for different exposure times.
The relative signal intensities in the high mass ranges increased
markedly over the exposure time range of 4e16 h for both aerosol
samples 1 and 2, suggesting that relatively higher amounts of the
HMW compounds were formed during this period than in other
periods. When the aerosol samples were exposed to n-decanal
vapor for 32 h, the increase in the relative intensities was almost
the same as that with the exposure time of 16 h. This plateau
suggests that the reactions for the formation of the HMW com-
pounds reached equilibrium with gas phase aldehydes (if the re-
actions were reversible), or the reactants on the filter samples were
consumed completely after an exposure time of approximately
16 h. Note that a full consumption of the reactants may not occur in
the atmosphere. Assuming that the mixing ratio of gaseous n-
decanal in the atmosphere is on the orders of 1e10 ppt (Matsunaga
et al., 2004), the reactions would not complete over the typical
lifetime of aerosol particles.

Fig. 5b shows the temporal changes in the intensity ratios of the
organic mass spectral signals in different mass ranges. Both the
ratios of the total signal intensities atm/z 300e400 and 400e531 to
those atm/z 200e300 for aerosol samples 1 and 2 increased within
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Fig. 5. (a) Ratios of increase in the relative signal intensities in the organic mass spectra of aerosol samples exposed to n-decanal for different exposure times. (b) Ratios between the
summed relative signal intensities from different mass ranges in the organic mass spectra of aerosol samples exposed to n-decanal versus the exposure time. The solid symbols with
solid lines and the open symbols with dashed lines represent the results for aerosol samples 1 and 2, respectively. In (b), the ratios of the intensity for m/z 300e399 to that for m/z
200e299 (circles), the intensity for m/z 400e531 to that for m/z 300e399 (triangles), and the intensity for m/z 400e531 to that for m/z 200e399 (squares) are presented.
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the exposure time of 16 h. This temporal change may occur if the
net production of HMW compounds with two or more units of a
decanal moiety, which presumably contribute to the signal in-
tensities at m/z � 300 (Fig. 2), are more substantial than that of
HMW compounds with a single unit of a decanal moiety. A possible
explanation is that the HMW compounds with two or more units of
a decanal moiety were formed gradually over 16 h and contributed
by the consumption of compounds with a single unit of a decanal
moiety. The ratios of the total signal intensities at m/z 400e531 to
those at m/z 300e399 did not show increasing trends; the
enhancement of the production of HMW compounds with�3 units
of a decanal moiety (Fig. 2) relative to that of compounds with two
units of a decanal moiety with the time was not evident during the
16 h observation with time was not evident during the 16 h
observation.

The mixing ratios of the gaseous n-aldehydes also affect the
production of the HMW compounds. The increases in the relative
signal intensities in the organic mass spectra in different mass
ranges for aerosol samples 1 and 2 exposed to n-nonanal for 16 h at
various mixing ratios are presented in Fig. 6. For both aerosol
samples, the relative signal intensities increased nearly linearly
with the n-nonanal mixing ratio increasing from 2.7 to 10.3 ppm.
The absence of a clear plateau indicates that the reactions for the
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Fig. 6. Ratios of increase in the relative signal intensities in different mass ranges in
the organic mass spectra of aerosol samples exposed to n-nonanal at different mixing
ratios. The solid symbols with solid lines and the open symbols with dashed lines
represent the results for aerosol samples 1 and 2, respectively.
formation of HMW products did not complete with the exposure of
several ppm n-nonanal for 16 h. This result also suggests that the
reactions do not complete in the atmosphere, given that the mixing
ratio of gaseous n-decanal in the forest atmosphere was reported to
be on the orders of 1e10 ppt (Matsunaga et al., 2004). The increases
of the relative signal intensities in the higher mass ranges (m/z
300e400 and 400e531) were in most cases larger than those in the
lower mass ranges (m/z 200e300). The mixing ratio could be one of
the critical factors that affect SOA production in the reactive uptake
of aldehydes, as reported by Lee et al. (2008).

As mentioned above, the mixing ratios of gaseous aldehydes in
our study were higher than those in the atmosphere. For example,
the mixing ratio of gaseous n-nonanal was on average 18 ppt at a
forest site in Japan (Matsunaga et al., 2004). However, this does not
necessarily mean that the observed formation of HMW compounds
is insignificant in the ambient atmosphere, given that the hetero-
geneous reactions of aldehyde vapors were possibly limited under
the studied conditions, as explained in Section 3.2. For 100 nm
spherical particles presented in the atmosphere, the diffusive mass
flux of 18 ppt n-nonanal with Dg of 0.068 cm2 s�1 is calculated to be
5.2 � 10�19 g s�1, provided that the uptake is irreversible and the
mass accommodation is unity (using equation S2 in Section S2 of
the supplementary material). Assuming that the 100 nm particles
are composed of organics with a density of 1.4 g cm�3 and applying
the ratios of the 16-h n-nonanal flux to the organic aerosol mass in
experiment 4 (2.5 and 2.2 for samples 1 and 2, respectively; see
Section 3.2), the equivalent exposure times in the atmosphere are
estimated to be only 52e58 min. If the above calculation is per-
formed for the 2-h exposure experiment using n-decanal (experi-
ment 7) with the assumed atmospheric mixing ratio of 7 ppt
according toMatsunaga et al. (2004), the equivalent exposure times
in the atmosphere are estimated to be 23e26 min. The calculated
equivalent exposure times suggest that the observed reactions
involving n-nonanal and decanal under atmospheric conditions are
not ruled out. Note that this estimation might be affected by the
diffusivity of aldehydes in the particle phase and other conditions
of the particles both in the studied conditions and the atmosphere.

3.4. Possible formation pathways of the HMW compounds

There are two possible pathways for the formation of HMW
compounds by heterogeneous reactions involving atmospheric
aerosol components in this reaction system: (A) self-reactions of n-
aldehydes mediated by atmospheric aerosol components (e.g., by
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the presence of the reaction medium, by the presence of protons as
a catalyst, and/or by the physical partitioning of aldehydes to the
surface and bulk of atmospheric aerosol components) and (B) re-
actions of n-aldehydes with atmospheric organic aerosol compo-
nents that preexisted on the filter samples. As explained in Section
3.2, there is no evidence showing substantial contributions to the
formation of the observed HMW compounds by the heterogeneous
reactions of n-aldehydes without the participation of atmospheric
aerosol components or from reactions after the extraction pro-
cedures in the experiments.

If pathway A is dominant, the HMW products were likely
formed via aldol condensation reactions. HMW compounds con-
taining two to four units of aldehyde moiety were found in this
study (Fig. 2), as reported for the self-reactions of aldehyde by Li
et al. (2008). They suggested the detection of 2-hexyldec-2-enal
(HDE), as an aldol condensation product of octanal on sulfuric
acid, based on an electron ionization mass spectrum with a strong
peak atm/z 238. A peak atm/z 238 was also observed for octanal in
our study, and the corresponding peaks at m/z 266 and 294 were
observed for nonanal and decanal (Fig. 2). The result suggests that
ambient particles could be acidic enough to promote the aldol
condensation reactions of aldehydes. Furthermore, Li et al. (2008)
reported a positive electrospray ionization mass spectrum from
octanal reactions, whose cluster patterns indicate the presence of
HMW products up to 700 Da. Therefore, complex reaction products
could be formed from a single type of aldehyde, supporting the
possibility that pathway A leads to the cluster patterns of the mass
spectra, as presented in Fig. 2. However, the characteristic fragment
ions of dehydrated trimers and tetramers of n-octanal at m/z 330
and 440 in the work of Li et al. (2008) were not detected in our
study (Fig. 2). This result suggests that the formation pathways of
the HMW products are different when using sulfuric acid or
ambient aerosol components as media for the self-reactions of
aldehydes.

Pathway B is of great importance in the sense that the reactive
uptake of aldehyde vapors could alter the compositions and prop-
erties of the pre-existing aerosol components. The targeted re-
actants in pathway B would be aldehydes in the condensed phase.
Alcohols presented in ambient aerosol components are also
possible reactants, as suggested by Jang and Kamens (2001).
Furthermore, reactions between aldehydes and hydroperoxides
that lead to the formation of hydroxyalkylperoxides (Yee et al.,
2012) are also possible. The occurrence of these reactions in our
experimental system should depend onwhether the exposure time
is long enough for aldehyde molecules to diffuse into the interior of
the atmospheric aerosol components on the filters or for the re-
actants in the interior to move to the surface via diffusion. Based on
the assumptions that the n-nonanal diffusing into the organic
components on the filters was a spherewith a hydrodynamic radius
of 0.41 nm (analogous to the work by Renbaum-Wolff et al. (2013))
and that the organic phase was semi-solid (viscosity: 102e109 Pa s)
(Shiraiwa et al., 2011), the diffusion length represented by 2

ffiffiffiffiffiffi

Dt
p

(D:
the diffusion coefficient of n-nonanal, t: time) after 16 h is calcu-
lated to be 11e3600 nm based on the StokeseEinstein equation.
The diffusion length of the semi-solid organic components is
similar if a hydrodynamic radius of 0.38 nm is assumed (Renbaum-
Wolff et al., 2013). Considering the radius of the collected atmo-
spheric particles (less than approximately 500 nm), the degree of
inhibition of pathway B due to slow diffusion strongly depends on
the viscosity of the organic components. This issue remains unre-
solved and is worth investigating in a future study. Because the
viscosity of the organic phase may change by orders of magnitude
due to the changes in RH (Renbaum-Wolff et al., 2013), further
studies under various RH conditions are required to better under-
stand the significance of this formation pathway of HMW
components quantitatively.

4. Conclusions

The heterogeneous reactions of gaseous n-aldehydes (octanal,
nonanal, and decanal) in the presence of atmospheric aerosol
components were investigated using high-resolution time-of-flight
mass spectrometry. The organic mass spectra of the aerosol com-
ponents after exposure to aldehyde vapors showed enhancements
of relative peak strengths in the high mass range, indicating the
formation of HMW compounds. The peak enhancement patterns in
the organic mass spectra of aerosol particles exposed to n-nonanal
and n-decanal were similar to those exposed to n-octanal, but with
shifts of 14 � n and 28 � n Da (n: 1e4), respectively. This result
suggests that the HMW compounds contain single or multiple
aldehyde moieties. The presence of atmospheric aerosol compo-
nents most likely led to the formation of HMW compounds,
because no obvious enhancements of the HMW fragment peaks
were found in the organic mass spectra of blank filters that were
exposed to n-aldehydes. The production of HMW compounds
increased with the increasing n-nonanal mixing ratio, suggesting
that the gas-phase mixing ratio is an important factor that controls
the production of HMW compounds. Because the heterogeneous
reactions might have been limited under the studied conditions,
their occurrence in the atmosphere is not ruled out, at least for the
reactions involving n-nonanal and decanal. The self-reactions of n-
aldehydes mediated by atmospheric aerosol components and/or
the reactions of n-aldehydes with atmospheric organic aerosol
components are the major formation pathways for the observed
HMW products. Further studies on the heterogeneous reactions of
n-aldehydes using atmospheric aerosol components as seed par-
ticles, including those under various RH conditions, are valuable for
a complete understanding of the significance of similar reactions in
the atmosphere. The atmospheric importance of the studied re-
actions should not be focused solely on their contribution to the
SOA mass; the associated changes in the aerosol properties, such as
their hygroscopicity, cloud condensation nucleus activity, and op-
tical properties, deserve further investigation.
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