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ABSTRACT: Sunlight-driven chemical transformations of secondary
organic aerosol (SOA) are important for understanding the climate- and
health-relevant properties of atmospheric particulate matter, but these
photochemical processes are not well understood. We measured the
photodegradation rates of SOA by observing condensed-phase photo-
chemical processes over many days of UV exposure. The experiments
relied on a quartz crystal microbalance to quantify the mass loss rate from
SOA materials prepared by ozonolysis of D-limonene and α-pinene and
photo-oxidation of toluene under either high or low NOx conditions. We
observed that 254 nm irradiation degraded SOA almost entirely after 24
h. The mass loss rates were higher for toluene-derived SOA, which
absorbs strongly at 254 nm. Irradiation at 305 nm, which is more relevant
for the troposphere, resulted in larger mass loss rates from SOA generated from α-pinene and D-limonene, even though toluene-
derived SOA had a higher absorption coefficient. In all 305 nm irradiation experiments, the initial mass loss rate was high
(corresponding to 1−5% fractional mass loss per hour), but it slowed down after 24 h of irradiation, with a photorecalcitrant fraction
of SOA degrading much slower (<1% fractional mass loss per hour). The mass loss rates were observed to increase at a higher
relative humidity because volatile photoproducts could diffuse out of SOA faster. Long-term changes in the chemical composition of
limonene ozonolysis SOA were examined using high-resolution electrospray ionization mass spectrometry and revealed a more
complex mixture of species after photodegradation compared to the initial SOA. The compounds in the photodegraded sample had
on average lower molecular weights, lower H/C ratios, and higher O/C ratios compared to the compounds in the un-photolyzed
sample. These experiments confirm that condensed-phase photochemistry is an important aging mechanism for SOA during long-
range transport.
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■ INTRODUCTION

Secondary organic aerosol (SOA) represents the dominant
fraction of atmospheric particulate matter and is formed in the
atmosphere by the condensation of oxidation products of
volatile organic compounds (VOCs). VOCs are emitted from
both biogenic sources, such as vegetation, and anthropogenic
sources, such as incomplete fossil fuel combustion and
industrial processes.1 Common biogenic VOCs include
isoprene, α-pinene, D-limonene, and other terpenes, while
common anthropogenic VOCs include aromatic hydrocarbons
and saturated aliphatic hydrocarbons found in fossil fuel. Once
emitted, VOCs undergo oxidation to form lower-volatility
oxygenated VOCs, which can contribute to new particle
formation or partition into pre-existing particulate matter.2−4

Once formed, SOA travels through the atmosphere and
undergoes various chemical aging reactions that change its
physicochemical properties. The current understanding of
SOA aging processes is limited, and this uncertainty
contributes to the challenges of quantifying the environmental
impacts of SOA.5,6

The production, aging, and loss of SOA sensitively depend
on environmental conditions such as humidity, temperature,
trace gas concentrations, and solar irradiance. Aging is
especially challenging to integrate into models due to the
multiple mechanisms by which it can occur. Aging processes
include heterogeneous oxidation of particles by OH, reactive
and nonreactive uptake of semivolatile species, and various
condensed-phase reactions, such as direct photolysis, photo-
sensitized reactions, reactions involving free radicals produced
inside particles, and nonradical processes, such as hydrol-
ysis.7−9 Photodegradation reactions tend to fragment the SOA
organics into smaller, more volatile compounds, which can
evaporate into the gas phase leading to SOA mass loss.10−14
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These higher-volatility species have been shown to include
CO, CO2, methane, acetic acid, formic acid, acetone,
acetaldehyde, and other small organic molecules.12,15,16

These photodegradation processes affect the Earth’s climate
because they reduce the mass concentration and particle
diameter, making SOA scatter sunlight less efficiently.17

Compounds containing carbonyl and peroxide functional
groups are examples of photochemically active species
responsible for the SOA mass loss under tropospheric sunlight
(λ > 295 nm).16,18,19 The C−C(O) bond in carbonyls can be
broken by Norrish type-I and Norrish type-II photocleavage
processes to form smaller products.10,16,20 Peroxides break at
the weak O−O bond, forming two O-centered radicals, which
undergo secondary processes on a picosecond time scale.21

However, not all photochemical processes result in fragmenta-
tion. Secondary reactions of free radicals in the SOA particles
can also lead to oligomerization products that increase the
carbon number of SOA species and lead to a lower-volatility
SOA mixture.20

Previous experimental studies have shown that photo-
degradation of the condensed-phase material in SOA can
occur on atmospherically relevant time scales.7,10,11,13 A
modeling study has predicted that SOA mass would decrease
by 40−60% after 10 days of atmospheric aging if condensed-
phase photochemical processes are permitted and proceeded at
the same rate as in the gaseous phase.22 A recent combined
experimental and modeling study also predicted about 50%
reduction in biogenic SOA in the Amazon region due to SOA
photodegradation.23 Such photodegradation processes are
particularly important for free tropospheric aerosols, which
can have mean residence times four times as large compared to
those trapped by the boundary layer,24 and have more time to
contribute to cloud formation and the Earth’s energy
budget.25−27 Obtaining a better understanding of long-term
photochemical aging processes is necessary to understand the
fate of SOA and can potentially improve model-measurement
discrepancies.25,28

Insights into SOA aging by condensed-phase photo-
chemistry have been gained via laboratory experiments where
SOA was aged in batch chambers13,14,23,29 or flow tubes,10

immobilized on substrates,20,30−33 or extracted into solu-
tion.33−38 Aerosols have lifetimes of ∼1 week in the
atmosphere, but typical chamber studies are conducted from
a few hours to 1−2 days at the longest.13,23,29 Long-term aging
is usually investigated by selecting the experimental conditions
to allow laboratory time scales to reach atmospheric values. In
studies of aging driven by heterogeneous OH oxidation,
unrealistically high OH radical concentrations have been used
to reach equivalent atmospheric exposure times of ∼1−2
weeks in a matter of minutes in an oxidation flow reactor.39

For photochemistry, a related approach would be equivalent to
increasing the intensity of UV radiation way above the level
normally found in the atmosphere.10 In either case, the results
are then extrapolated to atmospheric conditions assuming that
the processes scale linearly with OH concentration and/or UV
radiation flux and wavelength dependence. This method may
not be entirely accurate though, as the mechanism of aging
processes in SOA can change under elevated oxidant
concentrations and solar fluxes.20 Indeed, recent studies have
begun investigating condensed-phase long-term aging and have
found appreciable differences in the aging mechanisms and
changes in composition compared to short-term aging
studies.20,29 For example, Walhout et al. irradiated α-pinene

ozonolysis SOA collected on Teflon filters for 4 days and
found photofragmentation reactions to be the dominant
process in the first 2 days of aging, after which oligomerization
reactions between photoproducts become more important.20

Further experiments are needed over long laboratory time
scales with more typical levels of oxidants and UV radiation to
better understand the rates of aging processes occurring in the
atmosphere.
Until recently, observations of aging driven by condensed-

phase photochemistry in SOA have been largely exploratory
and at best gave only a rough estimate of the mass loss rate.
More recent studies have been able to directly measure the rate
of photodegradation of the SOA material, but only for a
limited number of SOA types and under short time scales.12,23

The humidity dependence of SOA photodegradation rates also
remains an open question because most of the previous
studies, with a few exceptions,13,23,32 relied on dry conditions.
The goal of this work was to extend the study done by Malecha
et al.12 by quantifying the long-term photodegradation of SOA
derived from representative biogenic and anthropogenic VOCs
and investigate the effects of humidity on the mass loss rate.
This was accomplished using a quartz crystal microbalance
(QCM) to directly track the changes in SOA mass due to
photodegradation as a function of time. Our results support
the conclusion that condensed-phase photochemistry can lead
to large mass loss from SOA particles over long periods of solar
radiation exposure, thus counteracting aerosol particle growth
due to gas-to-particle partitioning.

■ MATERIALS AND METHODS
SOA Samples. Four different types of SOA were

investigated for this study: α-pinene ozonolysis (APIN/O3),
D-limonene ozonolysis (LIM/O3), toluene low-NOx photo-
oxidation (TOL/OH), and toluene high NOx photo-oxidation
(TOL/OH/NOx). The ozonolysis and TOL/OH samples
were prepared using two different flow reactors, while the
TOL/OH/NOx samples were prepared in a photo-oxidation
chamber operated in a batch mode. A summary of all of the
samples made in this study can be found in Table S1.
The O3-initiated SOA was formed in an ∼20 L flow tube

reactor where liquid pure APIN or LIM was injected by a
syringe pump at 25 μL/h into 5 SLM flow of zero air. A 1 SLM
flow of oxygen was sent through an ozone generator and an
ozone photometric detector. The O3- and VOC-containing
flows were mixed at the entrance of the flow cell to achieve
starting mixing ratios of 14 and 10 ppm, respectively. The flow
tube residence time was ∼3.5 min and was sufficient to form
SOA. A charcoal denuder was used at the flow tube exit to
scrub excess O3 before collecting SOA. For the TOL/OH
sample, a different flow reactor was used as described in
Veghte et al.40 Briefly, this oxidation flow reactor involved an 8
L quartz reaction vessel surrounded by two 254 nm UV lamps
inside a Rayonet RPR100 photochemical reactor. The pure
VOC was injected using a syringe pump into zero air flowing
into the reaction vessel, where it mixed with O3. The UV lamps
converted O3 to OH by reacting with H2O, OH reacted with
toluene, and the SOA was collected from the exit tube.
The aerosol smog chamber used for making TOL/OH/NOx

SOA was a 5 m3 Teflon bag surrounded by a bank of 42 UV-B
lights. The chamber was equipped with a scanning mobility
particle sizer (SMPS) to monitor particle concentrations and a
proton-transfer-reaction mass spectrometer (PTR-MS) to
monitor VOC concentrations. The SOA was prepared similar
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to previous experiments on TOL/OH/NOx SOA.41 The
starting VOC, H2O2, and NOx mixing ratios were 1, 2, and 0.5
ppm, respectively. After the VOC was injected and its
concentration stabilized, H2O2 and NO2 were injected in the
chamber, and finally, panels of UV-B lights were turned on,
resulting in a steady-state OH concentration of ∼106 molecules
cm−3. After 4 h of photo-oxidation of the VOC by OH, the
SOA was collected. It is important to note that the VOC
concentrations used in this study are much higher than those
found in the atmosphere. These conditions can favor certain
reaction pathways that can lead to differences in the SOA
composition (which in turn may affect their photodegradation
processes). For example, the higher mass loadings used in this
study can increase the particle-phase partitioning of volatile
carbonyl-containing compounds, which may lead to an
overestimate of the photodegradation extent in the atmos-
phere.2

In all cases, the SOA was collected onto Stage 7 (0.32−0.56
μm particle size) of a micro-orifice uniform deposit impactor
(MOUDI; MSP Corp. model 110-R) for 1−4 h with custom
adapters to accommodate a 2.54 cm diameter chrome/gold
QCM crystal as the substrate. The MOUDI was used to ensure
a more uniform deposition of particles on the substrate, and
Stage 7 was used since it provided the largest amount of SOA
mass to be collected. The resulting SOA material was
preconditioned by keeping the QCM crystal under a flow of
clean, dry air overnight at 40 °C to remove the more volatile
compounds and allow the particles to better adhere to the
QCM substrate and merge into a more continuous film.
During this preconditioning step, the more labile SOA
compounds, such as peroxide, likely decomposed, so these
measurements probe the behavior of more thermally stable
SOA compounds.42,43 The masses collected ranged from 0.05
to 3.4 mg (Table S1), as determined by weighing the crystal
before and after the collection (and after preconditioning) with
a Sartorius ME5-F microbalance (1 μg precision). Assuming an
SOA material density of 1.2 g cm−3 and 1 mg of SOA
deposited, we estimate the effective SOA material thickness to
be 1.6 μm on the 5 cm2 QCM crystal.
SOA Photodegradation Setup. A commercial QCM was

modified to include a sealed space above the QCM crystal with
a CaF2 window on top to allow the sample to be irradiated
(Figure 1).12 A flow of 70 SCCM of clean air was passed over
the sample to drive off the photoproducts. To investigate the
effects of humidity on photodegradation rates, the humidity of
the air flow above the sample was controlled by mixing dry air

with humid air that had passed through a Nafion single-
channel humidifier (PermaPure). Two light sources were used
in this study to drive photodegradation: a light-emitting diode
(LED) centered at 305 nm (Thorlabs Inc., model M300L4)
and a mercury pen-ray lamp centered at 254 nm (Spectronics
Corp. model Spectroline 11SC-1). The 305 nm LED was used
to represent tropospheric UV radiation (below ozone layer),
while a 254 nm lamp was used in proof-of-concept experi-
ments. In addition, an LED centered at 405 nm (Thorlabs Inc.,
M405L4) was used in control experiments, where samples
were irradiated but not expected to undergo photodegrada-
tion.12 Using selected wavelengths of radiation as opposed to a
full solar spectrum made it possible to investigate the
wavelength dependence of the photodegradation. It also
avoided unnecessary heating of the sample with visible and
near-infrared radiation coming from broadband radiation
sources, such as arc lamps. The incident power of each lamp
was measured using a Coherent PS19Q power meter in the
same geometry that was experienced by the QCM crystal. The
resulting powers were 2.6 mW for the 305 nm LED and 3.7
mW for the 254 nm lamp. Previous experiments have shown
that these power meter measurements agree reasonably well
with actinometry experiments.11,44

Exposure to UV radiation reduces the SOA mass on the
crystal (due to the evaporation of volatile photoproducts) and
increases the crystal oscillation frequency. To convert the
observed change in frequency into change in SOA mass, a
modified version of Sauerbrey’s equation was used45

= −m
t C

f
t

d
d

1 d
df (1)

where f
t

d
d

is the rate of frequency change during irradiation

(Hz/h), Cf is the sensitivity factor (Hz/μg), and
m
t

d
d

is the mass

change rate (μg/h). The Cf was determined empirically
through calibration experiments as performed in previous
studies.12,46 Cf was calculated by measuring the frequency of
the clean crystal, collecting SOA on the crystal, weighing the
amount of mass impacted onto the crystal (Δm), and noting
the frequency change (Δf) experienced by the QCM. The
sensitivity factor was then calculated through the integrated
form of eq 1.

= −
Δ
Δ

C
f
mf (2)

Figure 1. SOA photodegradation setup. The QCM crystal with SOA is placed into the QCM oscillator. A 305 nm LED, 405 nm LED, or 254 nm
pen-ray lamp is mounted above the sample and irradiates the SOA continuously. The photoproducts are purged out of the QCM setup through an
exit port by a slow flow of zero air. A humidifier is used to control the relative humidity (RH) of the air flow.
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The resulting sensitivity factors for different SOA samples are
listed in Table S1. They ranged from about 10 to 24 Hz/μg.
With the 0.1 Hz precision of the instrument, this translates into
an effective sensitivity of 4−10 ng for the SOA mass change on
the crystal.
Characterization of SOA. A direct infusion electrospray

ionization mass spectrometer (ESI-MS) was used to assess the
extent of composition changes of LIM/O3 SOA due to long-
term photodegradation. The instrument was a Thermo Q
Exactive Plus, operated at a mass resolving power of 1.4 × 105.
The ESI-MS was operated in a positive ion mode at a spray
voltage of 3.5 kV, and the analyte was extracted off the QCM
crystal using a 1:1 solution of acetonitrile/water with an
analyte mass concentration of 0.8 mg/mL. Peak positions and
relative abundances were extracted from the raw data using
Decon2LS (https://omics.pnl.gov/software/decontools-
decon2ls). The peaks were assigned with 0.001 m/z accuracy
with formulas of [CcHhOo + Na]+ (formation of sodium
adducts was the dominant ionization mechanism; no
protonated ions [CcHhOo + H]+ were detected). The mass
spectra below are plotted as a function of the molecular weight
of the unionized compounds CcHhOo.

■ RESULTS AND DISCUSSION
Analysis of Sample Measurements. Figure 2a shows the

observed QCM frequency change in a typical experiment. The
frequency of the clean crystal is shown as the green line, and it
was of the order of 5.010 MHz in this particular case. With
LIM/O3 SOA on the crystal surface, the frequency decreased
to ∼4.994 MHz. Without irradiation under dry conditions, the
frequency changed very slowly due to slow evaporation of SOA
compounds from the substrate; an example of dark control
measurements can be found in Figure S1. The frequency began
to increase once the 305 nm LED was turned on at the 0 h
mark due to the loss of the volatile photoproducts. The
frequency increase to the maximum value was not instanta-
neous as it takes time for the photoproducts to diffuse through
and evaporate from the SOA matrix.32 After the frequency
began to stabilize, i.e., photodegradation slowed down, the
LED was turned off (around 118 h in this example). We
observed that turning off the LED slowed down the frequency
change, suggesting that photodegradation was still faster than
spontaneous evaporation.
Taking the derivative of the frequency curve and using eq 1

yielded the mass loss rate of the SOA (Figure 2b). A boxcar
smoothing algorithm with a 10 min rolling averaging window
was applied to remove the measurement noise caused by the
clean air generator periodic purges. The smoothing did not
distort the time dependence of the curves shown in Figure 2.
Plotting the mass loss as a percent mass loss (Figure 2c)

shows the LIM/O3 degrading until ∼30% of the initial mass is
lost and stagnates afterward. This is particularly important, as it
confirms that a photorecalcitrant (i.e., non-photodegradable)
fraction of SOA remains after the more photolabile
compounds are photodegraded.20,29 The photorecalcitrant
fraction is thought to consist of photochemically inactive
SOA compounds left behind after photolabile carbonyl and
peroxide compounds have undergone photodegradation.29

Due to the photorecalcitrant SOA remaining on the crystal,
the crystal frequency never recovered to its initial frequency
(green line in Figure 2a). The overall accuracy of the mass loss
rates was quantified by integrating the mass loss rates over the
irradiation period to obtain the total mass lost. This value was

compared to the mass lost by directly weighing the crystal
before and after irradiation using the Sartorius ME5-F
microbalance. The average percent deviation between QCM
measurements and direct weighing was 8%, representing a
reasonable accuracy.
Since the mass loss rate scaled linearly with the amount of

SOA deposited on the crystal (Figure S2), the mass loss rates
were normalized to the SOA mass remaining on the crystal to
calculate the fractional mass loss rate (FMLR) (i.e., 0.035 h−1

at the peak of Figure 2d corresponds to 3.5% mass lost per
hour). The FMLR curve (Figure 2d) has a similar shape to the
mass loss rate (Figure 2b), but it decays to zero slower because
the SOA mass on the crystal decreases with irradiation time.
FMLR is a more useful metric to incorporate into models since
it can be treated as a rate constant (with the caveat that it is
not actually constant).
Control experiments were conducted (Figure S1), and the

results showed that mass loss due to spontaneous evaporation
(no UV irradiation) played a relatively minor role in
comparison to photochemically driven mass loss. A control
experiment was also conducted using a 405 nm LED to
reproduce any thermal evaporation due to possible heating of
the QCM crystal by the LED operation. The 405 nm LED was
configured to the same power output as the 305 nm LED but
was not expected to produce significant photodegradation.12 In

Figure 2. (a) Typical QCM experiment where the clean crystal
frequency (green line) decreases once SOA has been impacted onto
it. The LED was turned on at the 0 h mark, and the frequency began
to increase due to the evaporation of photoproducts. After ∼120 h,
the LED was turned off. (b) Mass loss rate profile of the LIM/O3
sample. The black dashed line shows the zero point. (c) Percent mass
loss of the same sample. (d) Fractional mass loss rate of the sample,
where 0.035 h−1 corresponds to 3.5% mass loss per hour. The blue
curves correspond to mass loss due to evaporation and UV
degradation, while the orange curves correspond to mass loss from
UV degradation alone.
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agreement with this expectation, the 405 nm LED produced
the same mass loss rate as the evaporation in darkness. Thus,
we can conclude that although spontaneous evaporation did
occur in this experiment, its rate was small compared to the
effect due to photodegradation. Furthermore, the effects of
heating the QCM crystal by the LED were also unimportant.
Although mass loss due to evaporation was found to be small
compared to photodegradation, the mass loss was corrected to
remove the effects of evaporation (Figure 4c) and further
reveals the stagnation in photodegradation and the presence of
a photorecalcitrant fraction. Removing the influence of
evaporation from the FMLR (Figure 4d) resulted in a nearly
identical mass loss profile. The evaporation correction method
is discussed in more detail in the Supporting Information (SI).
Photodegradation at 254 nm. As mentioned in the

experimental section, two different light sources were used to
examine SOA photodegradation. Figure 3 shows the results of

irradiating APIN/O3 and TOL/OH SOA with 254 nm
radiation, which represents an extreme case and serves as a
proof of concept of the experimental technique before
investigating more subtle processes under tropospheric wave-
lengths. The TOL/OH sample exhibited a higher maximum
FMLR and reached a degradation plateau faster than the
APIN/O3 sample. This is likely due to TOL/OH SOA having
a much higher absorption coefficient than APIN/O3 SOA.

47 In
both samples, under 254 nm irradiation, nearly 100% of the
mass was degraded. The APIN/O3 sample exhibited a complex
time dependence of FMLR, with an initial maximum at early
times and a secondary maximum at later times (∼40 h). This
could suggest two fractions of SOA mass, one that is initially
present and highly photodegradable and another that is slowly
produced by secondary reactions of the initial photoproducts.
Our results agree with the previous 254 nm photodegradation
experiments on APIN/O3 SOA,12 which also observed rapid
mass loss of SOA during irradiation. These experiments prove
that organic aerosols are capable of being fully degraded under
harsh UV radiation and show that we are able to accurately
measure the mass loss rates of the process.

Photodegradation at 305 nm. The majority of our
experiments relied on the 305 nm irradiation, which is more
relevant for the lower atmosphere. Figure 4 summarizes the

results for four different types of SOA. The LIM/O3

experiments were repeated in triplicate to check for
reproducibility and showed good quantitative agreement in
the measured FMLR values. The average of the three LIM/O3

trials is shown in Figure 4, and the individual LIM/O3 data are
shown in Figure S3. There is a gap in the LIM/O3 average
trace due to QCM signal disconnection for a brief period in
one of the runs.
After normalizing by mass loading and correcting for the

effects of dark evaporation (Figure 4b), APIN/O3 SOA
showed the fastest photodegradation, followed by LIM/O3

and TOL/OH/NOx, and TOL/OH had the slowest rate.
Interestingly, at 305 nm, the FMLR of APIN/O3 SOA is larger
than that for TOL/OH SOA, but the opposite order applies at
254 nm (Figure 3). This demonstrates strong dependence of
these processes on the types of electronic transitions accessible
at the two wavelengths, specifically n → π* transitions at 305
nm vs π → π* transition at 254 nm. The TOL/OH/NOx

sample showed a maximum FMLR ∼2.5 times larger than the
TOL/OH sample. This can be explained by TOL/OH/NOx

SOA absorbing more strongly than TOL/OH SOA due to the
incorporation of nitrogen-containing organics.48 In fact, the
mass-normalized absorption coefficient at 305 nm of similarly
prepared TOL/OH/NOx SOA has been shown to be ∼2.8
times higher than that for TOL/OH SOA.47

Figure 3. FMLR observed during 254 nm irradiation of (a) TOL/OH
and (b) APIN/O3SOA leads to nearly 100% of the SOA being
degraded with no photorecalcitrant fraction remaining (c). The UV
lamp was turned on at the 0 h mark.

Figure 4. Mass loss rate (a), FMLR (b), and percent mass loss (c)
observed during 305 nm irradiation of various SOA types. A
photorecalcitrant fraction is observed in all samples, with APIN/O3
SOA only degrading to ∼60% after 300 h of irradiation. In panel (d),
the dotted lines represent percent mass loss due to photodegradation
only, after correcting for the dark evaporation (the equations used for
the correction are given in the SI section).
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The percent mass loss (from UV degradation alone and
from the combination of evaporation and UV degradation)
shown in Figure 4c is significant, with APIN/O3 showing the
largest percent of mass loss (∼50% after 100 h) and TOL/OH
showing the smallest (∼20% after 100 h). After the initial rapid
photodegradation, it slows down considerably for APIN/O3
and LIM/O3 even though the organic material still remains on
the QCM crystal, signifying the formation of a more stable
photorecalcitrant fraction. Previous studies have also noted a
photorecalcitrant fraction after 40 h of irradiation of APIN/O3
in a smog chamber and attributed this fraction to molecules
that do not contain photochemically active groups, such as
carbonyl and peroxide groups.29 The formation of a photo-
recalcitrant fraction is less obvious in TOL/OH and TOL/
OH/NOx SOA, but their photodegradation also slows down
with irradiation time. These measurements clearly demonstrate
that the kinetics of SOA photodegradation cannot be modeled
as a simple first-order process; at least two rate constants are
needed to parameterize the mass loss rate in models.
While the number of SOA types investigated in this study is

limited due to the long time required for these experiments,
the data suggest that the biogenic SOA degrades more readily
than SOA from aromatic precursors. The differences in FMLR
are due to a combination of possible effects. One effect is that
α-pinene and D-limonene ozonolysis products include more
carbonyl and peroxide groups (which are expected to undergo
efficient photofragmentation)10,16,20,29 than the oxidation
products produced from toluene photo-oxidation.49−51 Experi-
ments and theoretical calculations show that photolysis of
carbonyls and peroxides remains efficient in the condensed
phase, producing products with high quantum yields on
picosecond time scales following the excitation.21,52−54

Another effect is that the TOL/OH/NOx SOA compounds
may be more efficiently disposing of the electronic excitation
energy by internal energy relaxation without breaking up into
smaller products. TOL/OH/NOx SOA components include
aromatic species, such as nitrophenols, which have photolysis
quantum yields approaching unity in the gaseous phase but
only ∼10−4−10−5 in the condensed phase.55,56 The excitation
of nitrophenol clusters has been shown to result in fast internal
conversion mediated by intramolecular hydrogen bonding.57

These studies suggest that the SOA components may channel
most of the excitation energy into heat, thus slowing the
photodegradation and resulting in a low FMLR despite a high
absorption coefficient. Guaiacol high NOx SOA was also found
to photodegrade slowly in previous experiments, and it was
also attributed to the rapid internal energy relaxation in
aromatic compounds.12

These results also indicate that the photodegradation is a
dynamic process, which starts at a high rate, slows down, and
eventually stops (Figure 4). Therefore, treating the initial
photodegradation rates (e.g., rates determined by Malecha et
al.)12 as constant will lead to an overestimation of the effect of
condensed-phase photochemistry on SOA mass concentration.
A more reasonable representation is a biexponential decay of
the SOA mass concentration as proposed by O’Brien et al.29

Effect on the Chemical Composition. High-resolution
ESI(+) mass spectrometry was used to study the difference
between the chemical composition of fresh SOA and the
photorecalcitrant fraction in 305 nm experiments with LIM/O3
SOA. Figure 5 shows a mass spectrum of both the
nonirradiated (using the same collection and annealing
method) and photorecalcitrant fraction of LIM/O3 SOA.

The signals were normalized to the total peak abundance. It is
important to note that this analysis only probed molecular
formulas. Thus, some of the newly formed products may have
the same formula as the fresh sample but different chemical
structures (for example, cis-pinonic acid is known to
photoisomerize into its structural isomer limononic acid).52

Also, while the effect of evaporation on the differences in mass
spectra is expected to be small compared to the effects of
photodegradation, some of the minor differences in the mass
spectra are due to evaporation. The photorecalcitrant fraction
showed a more complex mixture of compounds with less well-
defined transitions between the monomer, dimer, and trimer
regions. The fresh SOA sample contained 1010 compounds,
while the photorecalcitrant fraction contained 1434 com-
pounds, of which 495 were unique to the recalcitrant fraction.
Photolysis of the initial SOA molecules splits them into smaller
fragments and increases the degree of oxidation. However, this
process can be partly counteracted by free-radical (RO2) cross-
reactions within the SOA matrix producing new oligomers.
To help compare fresh and irradiated LIM/O3 SOA, the

observed compounds were separated into three groups: (1)
compounds that increased in normalized peak abundance by at
least an order of magnitude compared to the fresh sample; (2)
compounds that experienced a change in the normalized peak
abundance by less than an order of magnitude; and (3)
compounds that disappeared after irradiation. Compounds in
groups 1 and 2 represent the photorecalcitrant fraction
remaining in the irradiated LIM/O3 SOA, while compounds
in group 3 are photolabile. The O/C and H/C ratios of the
compounds in each of the groups are compared in Figure 6a,
and double bond equivalent (DBE) values are compared in
Figure 6b. The abundance weighted average O/C, H/C, DBE,
and number of C atoms for each of the groups, as well as for all
of the observed peaks in the fresh SOA and irradiated samples
are listed in Table 1. The overall trend shows larger O/C and
smaller H/C ratios in molecules that are formed due to
irradiation and contribute to the photorecalcitrant fraction
(i.e., groups 1 and 2). Compounds in group 3 tend to have
higher C-numbers consistent with the expectation that larger
molecules have a higher probability of photodegradation. This
is also seen in Table 2, with the most prominent compounds in
group 3 containing higher C-numbers. Furthermore, photo-
labile group 3 compounds tend to have smaller DBE/C ratios,

Figure 5. High-resolution ESI(+) mass spectra of irradiated (black)
and fresh (red) LIM/O3 SOA. The peaks are normalized to the
combined peak abundance. The fresh data are inverted for the ease of
comparison. While the fresh SOA has clearly separated monomer,
dimer, and trimer regions, this distinction becomes less obvious in the
irradiated SOA due to a combination of fragmentation, functionaliza-
tion, and radical recombination reactions in SOA.
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suggesting that they have fewer double bonds per carbon atom.
These results are consistent with previous short-term (2 h)
photolysis of LIM/O3 SOA in an aqueous solution and on a
filter, in which the O/C ratio increased and the C-number
decreased during photolysis.33

We calculated the aromaticity index (AI)58,59 for these
molecules, AI = (1 + C − O − 0.5H)/(C−O), and the results
show that photodegradation results in the formation/survival
of compounds with a larger aromaticity index (Figure 7),
although only a small fraction of compounds (<1%) reach the
aromaticity index threshold of 0.5 for true aromatic
compounds.58,59 This is also seen in Figure 6b, where
photolabile group 3 compounds scatter around the expected
DBE vs C asymptote for terpene compounds, while the
photorecalcitrant compounds (groups 1 and 2) are closer to
the polyenes, suggesting an increase in the number of CC
bonds. All of the observed compounds are below the DBE vs C
dependence for the cata-PAHs, ruling out the formation of
condensed aromatic products. We should note that enhance-

ment in aromaticity after irradiation has also been observed in
dissolved organic matter irradiation studies.60,61

Effect of Relative Humidity on Photodegradation.
The effect of relative humidity (RH) on photodegradation
rates was investigated by flowing air with variable RH over
APIN/O3 and LIM/O3 SOA during the irradiation (Figure 8).
These experiments were limited to early photodegradation
times (several hours) because of the difficulties of controlling
RH over longer time periods. In both cases, the mass loss
increased with increasing RH. Similar effects have been seen in
previous photodegradation studies, with mass loss increasing at
elevated RH.13,23,32,65 One of the effects of water vapor is
making the SOA matrix less viscous, making it possible for the
products of photodegradation to escape more easily from the
SOA material. Indeed, the viscosities of α-pinene66 and D-
limonene65 ozonolysis SOA have been found to decrease with
increasing RH. The observation that the mass of dry samples
continued to decrease (0% RH traces in Figure 8) even after
the LED was switched off supports the idea of slow diffusion of
photoproducts out of the SOA matrix. Our results indicate an

Figure 6. (a) O/C and H/C of LIM/O3 SOA molecular species observed by ESI-MS. Please note the atypical Van Krevelen diagram, with the
interchanged traditional axes. (b) Double bond equivalent (DBE) of the same compounds plotted as a function of the carbon number. In both
panels, the blue circles correspond to molecules with a normalized peak abundance that increased by over an order of magnitude after long-term
irradiation. The black triangles correspond to molecules whose normalized peak abundance changed by less than an order of magnitude, while the
red squares correspond to molecules that disappeared after irradiation. The green, purple, and orange lines correspond to the expected DBE vs C
dependence for terpene, polyene, and cata-PAH compounds, respectively. Photorecalcitrant molecules (blue circles and black triangles) tend to
have a lower H/C ratio, higher O/C ratio, and increased DBE compared to photolabile compounds (red squares).

Table 1. Peak Abundance Weighted Average Composition Characteristics of LIM/O3 SOAa

compounds average O/C average H/C average DBE average C atoms

group 1 irradiated/fresh > 10 0.48 ± 0.27 1.39 ± 0.86 7.63 ± 2.69 21.76 ± 8.85
group 2 10 > irradiated/fresh > 0.1 0.42 ± 0.22 1.54 ± 0.81 5.55 ± 2.01 19.61 ± 7.32
group 3 irradiated/fresh < 0.1 0.34 ± 0.17 1.60 ± 0.63 7.37 ± 1.89 32.22 ± 8.91
fresh SOA 0.39 ± 0.21 1.57 ± 0.79 5.75 ± 2.00 22.19 ± 7.87
irradiated SOA 0.43 ± 0.31 1.51 ± 0.82 5.82 ± 2.24 19.50 ± 7.48

aThe Spread in the Observed Values Corresponds to 1σ.
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increase in maximum FMLR at ∼60% RH by a factor of 2.3
and 3.1 for APIN/O3 and LIM/O3 SOA, respectively (Table
S1). These findings agree well with the findings of Wong et
al.,13 who observed an increase of APIN/O3 SOA mass loss
rates by a factor of 2 at high RH conditions compared to dry
conditions, and with the result of Arroyo et al.,32 who reported
a 2−4 times higher photodegradation rate for LIM/O3 SOA at
30−70% RH compared to dry conditions. We should note that
at elevated RH, turning the LED off actually resulted in an
apparent mass gain. We believe that this is an artifact of the
slightly elevated temperature of the QCM crystal under
irradiated conditions becoming lower in the darkness, leading
to an uptake of water vapor.
Although we attribute the increase in the observed

photodegradation rate at higher RH to diffusion transport
limitations, we cannot completely rule out the changes in the
photochemical mechanism brought about by the presence of
water in the SOA material.
Application to Ambient Conditions. To estimate the

photodegradation rate of SOA under atmospheric conditions,
we assumed that it scales in proportion to the convolution of
spectral flux F (λ), quantum yield ϕ (λ), and absorption cross
section σ (λ) (eq 3).

∫ λ ϕ λ σ λ λ= − =
m

m
t

FFMLR
1 d

d
( ) ( ) ( )d

(3)

The absorption cross sections and quantum yields of many
of these molecules rapidly decay at longer wavelengths,12,67,68

so the integration can be limited to a narrow range over which
the 305 nm LED emits. For a narrow integration range, the
ratio of FMLR values for two different radiation sources can be
approximated as the ratio of integrated spectral flux densities
(eq 4).

∫
∫

λ λ

λ λ
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F
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The photodegradation profiles were scaled (scaling factor =
1.4) to the 24 h average flux in Los Angeles at the sea level
(Figure S4) from the TUV model.69 This flux corresponded to
a 24 h average JNO2

value of 4.05 × 10−3 s−1. The scaled
photodegradation rate (Figure 9) shows that the largest mass
loss takes place in the first 24 h of exposure, after which the
degradation substantially decreases. The scaled percent mass
loss profiles of the SOA were fit to a biexponential decay
function and are shown in Figure S5 with the intention that
they can be utilized by modelers in future studies.
Although photodegradation continues after 24 h, it is

substantially slower and other forms of chemical aging, such as
heterogeneous oxidation of particles by the hydroxyl radical,
may become more important.29,70 This is highlighted in Figure
10, where the UV degradation mass loss trends are combined
with predicted changes as a result of heterogeneous oxidation
via OH radicals. We observed that UV degradation dominates
in the first 24 h, but heterogeneous OH oxidation becomes
increasingly more important after that. It is important to note
that the OH aging trend used for this comparison has a few
important assumptions:71 [OH] = 1.5 × 106 molecules cm−3, γ

Table 2. List of 10 Molecular Formulas with the Largest
Peak Abundances in ESI-MS(+) Spectra in the Fresh LIM/
O3 SOA, Photorecalcitrant (Groups 1 and 2), and
Photolabile (Group 3) Groupsa

fresh SOA formulas group 1 and 2 formulas group 3 formulas

C10H16O3 C10H16O4 C20H32O5

C10H16O4 C10H16O3 C29H44O8

C19H30O7 C9H14O4 C39H62O13

C20H32O7 C19H30O7 C39H64O15

C19H30O8 C19H30O8 C29H48O8

C19H30O6 C20H32O7 C19H28O4

C20H32O8 C18H28O7 C38H60O12

C9H14O4 C20H32O8 C39H64O14

C18H28O7 C12H18O5 C30H48O8

C18H28O6 C19H30O6 C39H64O16
aThe formulas are listed in the order of decreasing normalized peak
abundance. Some of the most prominent formulas present in both
fresh and irradiated samples may correspond to limonic acid
(C9H14O4), limononic acid (C10H16O3), or 7OH-limononic acid
(C10H16O4), as found in previous studies.62−64

Figure 7. Photodegradation of LIM/O3 SOA results in the
formation/survival of compounds with a larger degree of aromaticity.
The histogram shows the normalized abundance of molecules binned
into aromaticity index (AI) ranges, where AI > 0.5 corresponds to
aromatic compounds.58,59

Figure 8. Photodegradation of (a) APIN/O3 SOA and (b) LIM/O3
SOA at different relative humidity (RH). The yellow-shaded regions
indicate when SOA was being irradiated.
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(uptake coefficient) = 1, average O/C = 0.8, average H/C
=1.5, and particle density = 1.5 g cm−3.
The percent of SOA degraded before reaching the

photorecalcitrant fraction was also compared to recent studies
by O’Brien et al.29 and Zawadowicz et al.23 (Figure S6).
Overall, our results are similar, especially when comparing the
initial photodegradation rate, and all agree on the existence of a
photorecalcitrant fraction. Despite the different methods of
SOA preparation (flow tube in this study vs a chamber in the
other two studies) as well as different irradiation sources used,
the measurements agree reasonably well, with a lifetime of 12 h
(this study), 7 h (O’Brien et al.), and 23 h (Zawadowicz et al.)
of APIN/O3 SOA degradation (under dry conditions) after
scaling to the 24 h average Los Angeles flux. We do however
see differences in the photorecalcitrant fraction. This difference
may be due to differences in SOA preparation, with a higher
mass loading used in this study, which would increase particle-
phase partitioning of photoreactive carbonyl group-containing
species.

■ SUMMARY AND IMPLICATIONS

These results have several important implications. First, the
mass loss rates observed here are atmospherically relevant. The
photodegradation with 254 nm photons showed a maximum
FMLR as high as 35% h−1 and a complete destruction of the
SOA material, proving that SOA can fully degrade under harsh
UV radiation. The tropospheric UV irradiation also showed
substantial photodegradation, with FMLR up to 5% h−1, and
almost half the SOA mass eventually being lost. Thus, SOA
photodegradation is an important and substantial component
of aging in the atmosphere, especially in the first 24 h after the
initial SOA formation, and is crucial to incorporate into models
in order to fully understand the effect SOA has on climate and
visibility through light absorption/scattering and cloud
formation.23 Overall, while these mass loss rates cannot
compete with particle growth for ultrafine particles, which
can exceed 10 nm/h,72 these photodegradation processes can
limit the growth of larger particles in the accumulation mode,
which dominate the overall SOA mass loading in the
atmosphere.68

Second, these photodegradation processes should be able to
efficiently deplete organic aerosols from the upper tropo-
sphere/lower stratosphere after deep convective transport.73

While we have not done explicit measurements at low
temperatures, it can be argued that photodegradation should
become relatively more important as the aerosol’s viscosity
increases at these cool temperatures,74 thus slowing diffusion
in the particle and limiting aging by heterogeneous oxidants
like OH radicals. Photodegradation can still occur in these
situations because UV radiation can easily penetrate the entire
volume of the particle, regardless of its viscosity.
Third, tropospheric photodegradation leads to a photo-

recalcitrant fraction of SOA remaining, which should be
considered when discussing the role of photodegradation in
SOA sinks in the atmosphere. Extrapolating the initial mass
loss rates and degradation processes to longer time scales
would be incorrect and would lead to an overestimate of mass
loss, as suggested by O’Brien et al. and Zawadowicz et al.23,29

Furthermore, the compounds found in the photorecalcitrant
fraction are chemically different from those in the initial SOA.
More research is needed to better understand the chemical and
physical properties of the photorecalcitrant fraction, such as its
viscosity and morphology.
And finally, we find that elevated relative humidity increases

the mass loss of SOA during photodegradation by acting as a

Figure 9. Scaling the results to atmospheric conditions reveals that the FMLR (a) and percent mass loss (b) are most important in the first 24 h of
photodegradation. After that, the photodegradation continues at a decreasingly slow rate and other mechanisms of aging become more important.

Figure 10. Predicted changes to the percent of mass remaining due to
heterogeneous OH aging alone (green line), UV degradation alone
(circles), or the combined effect of UV and OH aging (solid curves).
The shaded region shows the initial time period where photo-
degradation is dominant; thereafter, other atmospheric aging
mechanisms drive the mass loss.
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plasticizer to reduce the diffusion transport limitations of
volatile photoproducts and allowing them to more easily
escape from particles. Thus, the relative importance of
photodegradative aging vs heterogeneous oxidative aging may
shift depending on the environmental conditions, with
photodegradation becoming more important in areas with
higher relative humidity.
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