
Photodegradation of Secondary Organic Aerosol Material Quantified
with a Quartz Crystal Microbalance
Kurtis T. Malecha, Zicheng Cai, and Sergey A. Nizkorodov*

Department of Chemistry, University of California, Irvine, California 92697-2025, United States

*S Supporting Information

ABSTRACT: We used a quartz crystal microbalance (QCM) to
quantify the mass loss resulting from exposure of secondary organic
aerosol (SOA) particles deposited on the QCM crystal to 254, 305,
and 365 nm radiation. We coupled the QCM setup to a proton
transfer reaction time-of-flight mass spectrometer (PTR-ToF-MS)
to chemically resolve the photoproduced volatile organic com-
pounds (VOCs) responsible for the mass loss. The photoproduced
VOCs detected by the PTR-ToF-MS accounted for ∼50% of the
mass loss rates measured with the QCM. Weakly absorbing SOA
produced by ozonolysis of α-pinene or d-limonene exhibited a
much larger mass loss rate in both the QCM and the PTR-ToF-MS
data compared to that of strongly absorbing SOA produced by photooxidation of guaiacol. We predict that the fractional mass
loss rate of α-pinene ozonolysis SOA should be as high as ∼1%/h on the summer solstice in Los Angeles in the lower
troposphere and ∼4%/h in the stratosphere. The mass loss rates for SOA particles crossing a typical 254 nm oxidation flow
reactor, which is routinely used for rapid aging of organic aerosol particles, are expected to be negligible because of the short
residence time inside the reactor.

■ INTRODUCTION

Secondary organic aerosol (SOA) represents a complex mixture
of a large number of products of photooxidation of volatile
organic compounds (VOCs).1 The least volatile SOA
compounds condense into particles, which affect the climate
by scatting and absorbing solar radiation and by modifying
cloud properties.2 Photodegradation of condensed-phase ma-
terial in SOA has recently been shown to occur on
atmospherically relevant time scales.3−9 These photodegrada-
tion processes tend to break chemical bonds in SOA
compounds, leading to smaller and therefore more volatile
products, which can more easily evaporate from SOA particles.
However, all the previous experimental observations of SOA
photodegradation have been qualitative, and at best, they
reported only rough estimates for the rate of SOA photo-
degradation. For example, in our previous study, we could only
estimate a lower limit of >1% mass loss per day for the
photodegradation rate of SOA particles produced from
common VOCs.3 That study relied on a proton transfer
reaction time-of-flight mass spectrometer (PTR-ToF-MS) to
observe small, oxygenated VOC products (OVOCs) of SOA
photodegradation, such as acetone, formic acid, acetic acid, and
acetaldehyde, and likely missed volatile compounds that the
PTR-ToF-MS cannot detect such as saturated hydrocarbons,
CO, and CO2.

10

The contribution of condensed-phase photochemistry to
aging of SOA particles in oxidation flow reactors (OFRs) is also
uncertain. OFRs are increasingly used to achieve an equivalent
of days or even weeks of atmospheric processing in seconds by

exposing SOA to very high mixing ratios of OH.11 OFRs rely
on strong 254 or 185 nm radiation to produce a high
concentration of OH inside the reactor. This high concen-
tration of radicals leads to functionalization followed by
fragmentation of the molecules in particles.12 In parallel with
this fragmentation, direct photolysis of the SOA compounds
may be possible. The effect of photolysis has been extensively
modeled but has not been systematically tested by experi-
ments.13,14

In this work, we are using a quartz crystal microbalance
(QCM) to directly measure submicrogram mass changes
during photodegradation of SOA particles deposited on an
inert substrate in real time. The powerful combination of QCM
measurements with the PTR-ToF-MS analysis of the volatile
OVOC photoproducts makes it possible to probe the chemical
mechanisms for SOA undergoing photodegradation. The QCM
has a rich history of applications in atmospheric chemistry, for
example, in studying SOA material evaporation rates,15 the
extent of water absorption on aerosols,16−19 oxidative aging of
organics,20 and photosensitized processes.21 Our measurements
demonstrate the utility of QCM for aerosol photodegradation
experiments and make it possible to quantify photodegradation
rates of SOA at different wavelengths, including the 254 nm
radiation used in OFRs as well as 305 and 365 nm radiation
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relevant in tropospheric photochemistry. We show that
photodegradation readily occurs on SOA derived from α-
pinene and d-limonene ozonolysis. In contrast, guaiacol/high-
NOx SOA is found to be more photoresistant despite being
more light-absorbing. Our results support the conclusion that
condensed-phase photochemistry can lead to measurable mass
loss from SOA particles on time scales of hours, thus
counteracting the aerosol particle growth from gas-to-particle
partitioning.

■ MATERIALS AND METHODS

The SOA was generated by oxidation of selected VOCs in
either a smog chamber or an aerosol flow tube. Three different
types of SOA were investigated for this study: α-pinene
ozonolysis (APIN/O3), d-limonene ozonolysis (LIM/O3), and
guaiacol high-NOx photooxidation (GUA/NOx). The ozonol-
ysis experiments were performed in a flow tube, and the high-
NOx experiments were performed in a smog chamber with the
same procedures and conditions as previously reported.3,22 All
SOA samples were prepared in at least triplicate. The SOA
particles were collected using a Micro Orifice Uniform Deposit
Impactor (MOUDI; MSP Corp. model 110-R) for 1−4 h with
custom adapters to accommodate the 2.54 cm chrome/gold
QCM crystals (Stanford Research Systems model O100RX1)
as impaction substrates. The resulting SOA material collected
on the QCM crystals was preconditioned under a flow of clean
air overnight at 40 °C, to remove the more volatile compounds
and allow the particles to merge in a continuous although not
uniform film.3 The masses collected ranged from 0.4 to 2.8 mg,
as determined by weighing the crystal before and after the
collection (and after preconditioning) with a Sartorius ME5-F
balance (1 μg precision). Most of the material was distributed
fairly evenly around the 2.54 cm crystal for each sample.
We modified a commercial QCM (Stanford Research

Systems model QCM 200) holder to include a sealed space
above the QCM crystal with a CaF2 window on top. Details can
be found in Figure S1. A flow of zero air (at 150 sccm) was sent
through the space between the QCM crystal and the CaF2
window, and a fraction of the outgoing air was then fed into a
PTR-ToF-MS instrument (Ionicon model 8000) at 100 sccm.
The PTR-ToF-MS was calibrated in the same manner
described previously.3

Exposure to ultraviolet (UV) radiation reduced the mass of
the SOA material remaining on the QCM crystal and increased
its oscillation frequency. To convert the observed change in
QCM frequency into SOA mass, a modified version of the
Sauerbrey equation was used:23
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where df/dt is the rate of the frequency change during
irradiation (in hertz per hour), Cf is the sensitivity factor (in
hertz per microgram), and dm/dt is the mass change rate (in
micrograms per hour). Because the collected particles did not
form a completely uniform thin film (for which the Sauerbrey
equation was developed) Cf had to be determined empirically
for each sample. This was done by measuring the frequency for
the clean crystal, collecting SOA on this crystal, determining
the mass of SOA (Δm) collected by weighing it, and noting the
frequency change (Δf) experienced by the QCM. The
sensitivity factor was then calculated from eq 2 (the integrated
form of eq 1).
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Typical sensitivity factors for these experiments ranged
between 5 and 14 Hz/μg, with the theoretical sensitivity factor
being 11.2 Hz/μg (more details are provided in the Supporting
Information). The sensitivity factors were approximately
independent of the QCM mass loading and the type of SOA
at higher mass loadings (>1 mg on the crystal) but started to
deviate from the theoretical sensitivity factor at lower mass
loadings (Figure S2), presumably because there were not
enough particles to form a continuous film on the surface.
The SOA material was irradiated directly on the QCM

crystal with a suitable UV lamp. The lamps included a light-
emitting diode (LED) centered at 305 nm (Thorlabs, Inc.,
model M300L4), another LED centered at 365 nm (Thorlabs,
Inc., model M365LP1), and a mercury pen ray lamp centered at
254 nm (Spectronics Corp. model Spectroline 11SC-1). Using
selected wavelengths of radiation as opposed to a full solar
spectrum is standard practice in atmospheric photochemistry24

because it provides information about the wavelength depend-
ence of the process and avoids unnecessary heating of the
sample with visible and near-infrared radiation, which does not
initiate photodegradation processes. The wavelength depend-
ence of the spectra of the lamps is shown in Figure S3. The
incident power of each lamp was measured with a Coherent
PS19Q power meter in the same geometry that was
experienced by the QCM crystal. The resulting powers were
3.7, 2.5, and 13.8 mW for the 254, 305, and 365 nm lamps,
respectively. With the 1 cm2 area of the power meter, these
correspond to spectral fluxes of radiation of 4.7 × 1015, 3.8 ×
1015, and 2.5 × 1015 photons cm−2 s−1, respectively. The 254
nm lamp has several emission lines from 250 to 380 nm (Figure
S3), and the spectral flux of radiation due to the 254 nm
emission line was 2.5 × 1015 photons cm−2 s−1. We previously
showed that power meter measurements agree reasonably well
with actinometry experiments (not presented here).3,25 The
254 nm spectral flux used in these experiments is comparable to
that inside a typical OFR. For example, Li et al. noted that the
spectral fluxes of radiation in their OFR were 2.0 × 1013 and 2.5
× 1015 photons cm−2 s−1 at 185 and 254 nm, respectively.26

The QCM crystals’ masses were determined by direct
weighing before and after collection of the SOA, but because of
the design of the QCM sample holder and its o-rings, it was not
possible to accurately determine the mass loss by weighing after
the irradiation in the QCM holder. We relied on eq 1 instead to
calculate the mass loss from the measured QCM frequency.
The QCM measurements were acquired simultaneously with
the PTR-ToF-MS measurements. The PTR-ToF-MS data were
analyzed on the basis of a modified version of eq 2 from
Malecha et al. to determine the mass loss rate based on the four
quantified, photoproduced OVOCs (acetone, acetic acid,
acetaldehyde, and formic acid).3 Several controls were run for
this study to make sure the observed mass loss is driven by
SOA photochemistry, as described in the Supporting
Information.

■ RESULTS AND DISCUSSION
Figure 1 shows results of a typical experiment in which the
QCM frequency and selected OVOCs in the PTR-ToF-MS are
observed during 254 nm irradiation of LIM/O3 SOA. When the
lamp is turned on, the QCM frequency starts to increase
because the SOA material is losing mass from evaporation of
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the OVOC photoproducts. The rate of mass loss from eq 1 is
plotted in Figure 1c. The mass loss rate increases to a relatively
constant value for ∼15 min and then slowly decreases,
replicating the measured trace of the major OVOC photo-
product, formic acid. When the lamp is turned off, the mass loss
does not stop instantaneously because it takes some time for
the OVOC photoproducts to diffuse out of the SOA material
and escape in the gas phase.
In most experiments, the QCM frequency was observed to

increase at a small constant rate even without radiation because
of the slow evaporation of SOA material. To better visualize the
extent of radiation-driven mass loss, the data shown in Figure 1
were baseline-corrected by subtracting the change attributable
to evaporation (measured before the lamp was turned on):

= − ×
⎛
⎝⎜

⎞
⎠⎟f t f t

f
t

t( ) ( )
d
dcorrected

dark (3)

For the 254 and 305 nm experiments, the rate of change in
the frequency due to SOA evaporation was much smaller than
that due to photolysis. However, the much weaker effect of
photolysis in 365 nm experiments would be difficult to
ascertain without the baseline correction of eq 3.
The increase in the QCM frequency was accompanied by the

photoproduction of a variety of OVOCs. The selected OVOCs
plotted in Figure 1a include formic acid, acetic acid,
acetaldehyde, and acetone, the same OVOCs that were
shown to be produced during photodegradation in our previous
studies.3,25

These observed changes in the PTR-ToF-MS traces and
QCM frequency occurred readily for both 254 and 305 nm
radiation; however, the baseline-subtracted 365 nm data,
despite the larger photon flux, showed very small mass losses
from both the PTR-ToF-MS and the QCM. This is consistent
with photolysis yields and absorption cross sections of most
molecules decreasing rapidly at longer wavelengths.24,27

The PTR-ToF-MS data were analyzed as described
previously to calculate the mass loss rate attributable to
OVOCs.3 Briefly, the mass loss for each of the four major
detected photoproducts (acetone, acetaldehyde, acetic acid, and
formic acid) was calculated during the initial part of the
photodegradation (e.g., ∼20−30 min for the sample in Figure
1) using eq 2 from Malecha et al. and added together to
calculate the total mass loss due to these photoproducts.3 All
data are presented in Table S1. As noted above, the mass loss is
likely underpredicted by the PTR-ToF-MS because it is blind to
compounds such as methane and carbon monoxide, which are
known to be produced in photodegradation of SOA.28 Figure 2
plots the estimated PTR-ToF-MS data versus the actual QCM
mass loss rate. Despite the limitations of the PTR-ToF-MS
approach, the data are reasonably correlated. Furthermore,
these four OVOCs account for ∼50% of the mass lost (based
on the slope of Figure 2a).
The predominance of photoproducts containing just one or

two carbon atoms forming during irradiation of APIN/O3 and
LIM/O3 SOA suggests that the SOA compounds are cleaved by
photolysis closer to the end portion of the molecule. This is
consistent with the known mechanism of ozonolysis of these
endocyclic monoterpenes, which produces a large number of
products featuring an acetyl group [R-C(O)CH3, such as
pinonic acid, limononic acid, and their derivatives] or a formyl
group [R-C(O)H, such as pinonaldehyde, limononaldehyde,
and their derivatives]. We previously showed that Norrish type
I and type II reactions can account for most of the products
observed in photodegradation of LIM/O3 SOA.

28 For example,
Scheme 1 shows possible reactions in photolysis of
limononaldehyde leading directly to acetone through a Norrish
type II splitting and to formaldehyde, formic acid, acetaldehyde,
and acetic acid by way of primary Norrish type I splitting
followed by secondary cage reactions between free radicals
(which are known to be present in irradiated SOA).29

Limononaldehyde is too volatile to be present in SOA particles,
but its more functionalized derivatives, which have lower vapor
pressures, should still undergo photochemistry with a similar
loss of C1 or C2 products. We note that this mechanism cannot
be generalized to SOA formed from acyclic VOCs or to highly
oxidized SOA compounds, which likely photolyze using more
complicated mechanisms.

Figure 1. (a) Photoproduction of OVOCs observed during 254 nm
irradiation of LIM/O3 SOA. The lamp is turned on at ∼10 min and
turned off at ∼85 min for this sample. (b) Baseline-corrected QCM
frequency during irradiation. The frequency increases because the
SOA material is losing mass. (c) QCM frequency’s mass loss rate
determined by taking the derivative of the frequency change with
respect to time and then dividing by Cf (eq 1).
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SOA produced from GUA is much more resilient to
photolsysis, suggesting a very different mechanism and
confirming our previous observation that the mass loss rates
are not correlated to the SOA absorption coefficients. Even
though GUA/NOx SOA has a mass absorption coefficient (∼2
m2/g) at 300 nm an order of magnitude higher than those of
APIN/O3 SOA and LIM/O3 SOA (∼0.05 m2/g for both of
them),30 it has the lowest mass loss rate. The amount of
OVOCs detected by the PTR-ToF-MS is close to the detection
limit, and only a small mass loss rate is measured with the
QCM. The resilience of guaiacol SOA to photodegradation
suggests that its compounds must efficiently dispose of the
electronic excitation energy. Many of these guaiacol/high-NOx
SOA products include derivatives of aromatic species such as
nitrophenols, 4-nitroguaiacol, 6-nitroguaiacol, or 4,6-dinitro-
guaiacol, which have been detected in the condensed phase of
the SOA particles.31−33 Nitrophenols can undergo photolysis
with quantum yields approaching unity in the gaseous phase,
but the yields decrease to 10−4−10−5 in the condensed
phase.34,35 The photoexcitation of nitrophenol clusters was
shown to result in fast internal conversion mediated by
intramolecular hydrogen bonding.36 These studies suggest that
GUA/NOx SOA compounds may channel most of the
excitation energy into heat by internal conversion in the
condensed phase, thus slowing the photodegradation.
These measurements have several important implications.

First, we can confirm that the particle mass loss driven by
condensed-phase photochemistry is not a serious concern for
most OFRs. It is well-known that heterogeneous oxidation in
OFRs can significantly reduce the size and mass concentration
of organic aerosol particles by fragmentation reactions.12,37

However, with a 5 min residence time in an OFR reactor, <1%
of the particle mass would be lost to the photodegradation
processes investigated in this work. It is conceivable that a small
fraction of the most photolabile molecules could still undergo
photolysis or photoisomerization on this time scale, but these
minority compounds would not strongly affect the overall
particle mass concentration.
Second, the mass loss rates discussed in this work could be

significant in the atmosphere. The measured fractional mass
loss rate (FMLR) was in excess of 10%/h for the 254 nm
irradiation and up to 4%/h for the 305 nm irradiation (Table
S1). To estimate FMLR under atmospheric conditions, we
assumed that it is proportional to the convolution of the
spectral flux of radiation, F(λ), and photodegradation efficiency,
E(λ).

∫ λ λ= = λ
m

m
t

F EFMLR
1 d

d
( ) ( ) d

(4)

We further assumed that E(λ) drops exponentially with
wavelength as suggested by our observations (see the
Supporting Information for more details). With this approach,
the FMLR values during the summer solstice in Los Angeles
were found to be 3.8 × 10−6 s−1 for APIN/O3 SOA at 0 km, 1.1
× 10−5 s−1 for APIN/O3 SOA at 40 km, 6.2 × 10−6 s−1 for
LIM/O3 SOA at 0 km, and 1.6 × 10−5 s−1 for LIM/O3 at 40
km. These rates would imply a ≤1% mass loss in 1 h in the
troposphere and a 4% mass loss in 1 h in the stratosphere for
the APIN/O3 SOA. (These rates refer to the maximum flux one
can expect during the summer solstice in Los Angeles and will
be lower during other times of the day.) While this mass loss
rate cannot compete with particle growth for ultrafine particles,
which increase in diameter with an impressive rate exceeding 10

Figure 2. (a) QCM and PTR-ToF-MS mass loss rates are roughly
proportional to one another for all SOA types in this study with the
slope being ∼0.5. The samples correspond to “LIM/O3” = d-
limonene/ozonolysis, “APIN/O3” = α-pinene/ozonolysis, and “GUA/
NOx” = guaiacol (o-methoxyphenol)/high-NOx photooxidation. (b)
Log−log plot of the same data provided to zoom in on smaller values.

Scheme 1. Possible Reactions Involved in Photolysis of
Limononaldehyde and Resulting in the Formation of Small
OVOCs Observed by the PTR-ToF-MS
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nm/h,38 photodegradation processes can slow this growth for
larger particles in the accumulation size mode, which dominates
the overall mass loading of SOA in the atmosphere. This
finding indirectly supports modeling conjecture by Hodzic et
al.,39 which predicted that SOA mass would decrease by 40−
60% after 10 days of atmospheric aging if photolysis processes
in particles are included in the model.
Third, these photodegradation processes are predicted to

efficiently deplete organic particles from the stratosphere.
Although SOA particles could potentially be transported to the
stratosphere through deep convective transport,40 the photo-
degradation processes described here would lead to their rapid
loss. The aerosol particle viscosity would increase in these cool,
dry areas of the atmosphere,41 thus slowing diffusion in the
particle and limiting the aging by heterogeneous reactions with
OH to the particle surface. However, the photolysis-driven
aging could still occur throughout the particle volume because
UV radiation can penetrate deep inside the particle. It is
remarkable that there does not appear to be a limit to the
amount of SOA particle material that can be removed by
photodegradation. For selected experiments, the APIN/O3

particles were subjected to many days of continuous 254 nm
irradiation. Nearly 100% of the mass was lost during this time
for the APIN/O3 sample (Figure S5); the QCM crystal had
almost no visible traces of the organic film after the irradiation.
The UV photodegradation is thus likely responsible for the
small fraction of particulate organics above the tropopause, with
only the most photostable organics surviving in this environ-
ment.42
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