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ABSTRACT: Photolytic aging has been proposed as a major mass loss mechanism for
atmospheric secondary organic aerosol (SOA). However, estimated mass loss rates vary
by orders of magnitude, and their impacts on modeled SOA loadings and properties are
highly uncertain. In this study, photolysis rates and composition changes of a-pinene
SOA are analyzed in situ over multiple days in an environmental chamber. After an initial
exponential decay (7 ~ 22 h), the mass loss rate slows dramatically, with more than
~70—90% of the SOA particulate mass undergoing an essentially negligible photolytic
degradation. Scaled to ambient conditions, SOA undergoes rapid photolysis over only its
first day in the atmosphere; beyond this, the remaining SOA is photo-recalcitrant, and
photolysis ceases to be a major sink compared to wet deposition time scales. Thus,
extrapolation of the initial photolysis loss rate to the entire aerosol mass may significantly
overestimate the role of photolysis in the removal of atmospheric SOA. .

S econdary organic aerosol (SOA), formed in the atmos-
phere through photochemical oxidation of hydrocarbons,
has effects on both climate and human health. However, our
ability to accurately model the atmospheric life cycle of SOA is
limited by our understanding of its complex formation, aging,
and loss processes. A major area of focus has been on
mechanisms of SOA formation, with far less study of SOA
sinks. In addition to standard physical loss processes (wet and
dry deposition), SOA may be degraded chemically; recent
modeling work has shown that inclusion of chemical loss
processes can improve model—measurement discrepancies."”

Chemical loss processes for SOA involve fragmentation
reactions followed by evaporation of volatile products,
processes that may be initiated by heterogeneous oxidation,’
aqueous-phase oxidation,* and photolysis.”~® A number of
laboratory studies have demonstrated the importance of this
last channel, the photolytic loss of SOA by ultraviolet (UV)
light.>"~"" Recently, a modeling study by Hodzic et al.
demonstrated that photolysis may be a major sink for
atmospheric SOA, with photolytic lifetimes of ~1 week,
which is comparable to the lifetime for wet deposition.'>
However, the photolytic mass loss rate of SOA is still very
poorly constrained. Laboratory studies examining photolytic
loss rates in chambers and flow tubes have reported rates
spanning orders of magnitude, with estimated atmospheric
lifetimes of anywhere from hours to days.”~®

Currently, photolytic lifetimes are determined by applying
initial measured photolysis loss rates to the entire SOA mass.
However, only a few oxygen-containing functional groups
(such as carbonyls, nitrates, and peroxides) are chromophores
that can absorb solar radiation in the wavelength ranges that
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reach the troposphere (1 2 290 nm). Applying a single
photolysis mass loss rate assumes that all SOA molecules have
enough of these chromophores to completely fragment and/or
volatilize the entire OA mass. This also neglects the possibility
that photolysis may destroy the chromophores, thereby
photobleaching the SOA and preventing further photoly-
sis.'*~'® The effects of these factors on photolysis-driven SOA
loss rates over extended time periods have not yet been
explored.

To investigate how photolysis affects the mass of SOA over
extended atmospheric lifetimes, we present results from a-
pinene/ozone SOA photolysis over time scales of ~1—2 days.
Experiments were carried out in a 7.5 m® environmental
chamber equipped with UVA lights at low relative humidity
(RH <5%)."” Full experimental details are available in the
Supporting Information. Briefly, excess ozone ([O;], > 500
ppb) was added to the chamber filled with 80—120 ppb a-
pinene and ammonium sulfate seed particles, as well as
hexafluoropropylene (400 ppm) as an OH scavenger. The
SOA mass concentration was measured in real time using a
high resolution time-of-flight aerosol mass spectrometer
(AMS).18 The ratio of organic to sulfate mass concentrations
(Org/SO,) was used to quantify organic particulate mass
because it accounts for particle losses due to deposition and
dilution, as well as changes in AMS collection efficiency. After
~5 h, the mixture was exposed to UVA lights with total
irradiation times of 30—40 h or kept unilluminated for control
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Figure 1. Organic particulate mass vs time for photolysis experiments at three different initial Org/SO, ratios. (a) Time traces for Org/SO, in the
chamber for all three experiments. The vertical line at 0 h (#,) indicates chamber lights on for the photolysis experiment. (b—d) Organic fractions
remaining (normalized Org/SO,) as a function of irradiation time. A single exponential with a y-offset (highlighted as asymptotes in panels b—d) is

fit to the data.

(dark) experiments. The NO, photolysis rate (Jyo,), 2 measure

of UV intensity, is ~1.3 X 107> s7, slightly lower than average
wintertime values at midlatitudes and substantially lower than
the value (8.1 X 1073 s7*) used by Hodzic et al. to model SOA
photolytic loss globally.'? Irradiation likely involves photolysis
in the particle and gas phases and in the particle phase may
involve both direct and indirect photolysis; here, we investigate
photolytic mass loss of SOA as a whole and do not distinguish
between these different photolytic processes. We note,
however, that any chemical changes observed are unlikely to
arise from gas-phase OH, due to the presence of the OH
scavenger.

Figure la shows the time series for three UV experiments
with different initial Org/SO, ratios. When the lights were
turned on, the Org/SO, ratio decreased, indicating a loss of
organic mass from the particles with UVA irradiation. Replicate
dark experiments did not exhibit this decrease, as the Org/SO,
ratio was either constant or increased slightly (Figure S1). The
photolytic loss rate of particulate organic mass is evaluated by
normalizing the Org/SO, ratio to the value at time zero (lights
on) and fitting an exponential decay (Figure 1b—d and Table
1). In all cases, the mass did not decay to zero but rather to a
value corresponding to approximately ~70—90% of the initial
mass. The offsets represent a “photo-recalcitrant” fraction of
OA, particle mass that does not show measurable photolytic
decay. In reality, the photo-recalcitrant fraction may also be
undergoing slow photolytic degradation, but over the time
scales of these experiments (irradiation for 30—40 h), the rates
of such longer time scale processes cannot be determined.

The shapes of the curves in Figure 1 are consistent with
photobleaching of SOA; mass loss occurs until the
chromophores are lost and only the photo-recalcitrant fraction

4004

Table 1. Fitting and Simulated Variables for Mass Loss and
Oxidation State Changes

variable experiment 1“  experiment 2“  experiment 3¢
recalcitrant fraction of 0.69 + 0.003  0.77 = 0.004  0.88 + 0.003
OA (fr)
time scale for photolytic 22 + 0.4 18 + 0.7 8+ 09
loss of OA [7p4 (h)]
recalcitrant fraction of 0.68 + 0.002 0.71 + 0.003 0.82 + 0.002
carbon (fg)
time scale for photolytic 18 + 0.2 18 + 0.4 8 + 04
loss of carbon [z¢
(h)]
chromophore/molecule 14 13 0.7
(CpM
carbon-normalized 3.0 2.8 1.5

quantum yield (¢)
“Coefficients + lo.

remains. SOA from a-pinene formed under low-NO,
conditions is a mixture of highly oxidized molecules
(HOMs) along with other semivolatile and lower-volatility
products, many of which likely contain carbonyls and
peroxides.”'”~>* These functional groups are chromophores
that can be lost to either photofragmentation or chemical loss
processes. Photobleaching has been observed for brown carbon
aerosol in both the field and the laboratory'*~">**** and likely
occurs here as chromophores are either destroyed or lost to the
gas phase during fragmentation. While the functional group
distribution was not characterized in this study, we note that it
is likely that a large fraction of a-pinene SOA molecules do not
contain chromophores. For example, pinic acid, a major
product of a-pinene ozonolysis, includes only acid groups and
thus is unlikely to absorb appreciably in the UV.** Thus, the
photo-recalcitrant fraction is likely a mixture of molecules that
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Figure 2. Organic fractions remaining extrapolated out to 1 week in the atmosphere using lifetimes from these experiments, previous SOA
photolysis experiments, and models. Two fits for data from the experiments presented here are shown, the 7 applied as an exponential decay
(dashed lines) and the exponential fit with a y-offset (solid lines). For Wong et al.,” the exponential offset fitting was applied to the published data

(Figure S2).
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Figure 3. Chemical changes as a function of photolytic aging. (a—c) Carbon fraction remaining (f) vs time in the chamber with the exponential
and model fits (yellow line). (d) Net (light—dark) AOS¢ vs chamber time. The AOS, data are plotted using 30 min averages.

are not photoactive as well as non-absorbing products of
photolysis that remain in the particles after photobleaching.
The assumption that all of the SOA mass is photolabile has a
large impact on the calculated mass loss over the course of the
particle’s atmospheric lifetime (~1 week). Figure 2 shows
estimates of mass loss rates, from both the study presented
here and previous work, extrapolated out to 1 week of
atmospheric aging. The rate constants are all scaled to the
average atmospheric Jyo, used by Hodzic et al. (Jyo, = 8.1 X
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1073 s7"), who estimated J5o, to be 0.04% of Jno, and used this

to estimate SOA lifetimes with respect to photolysis in the
atmosphere.'” Dashed lines show SOA decays estimated by
assuming that initial photolysis rates apply to the entire
particulate organic mass; these rates are taken from the initial
decays in the present experiment (orange/brown lines) as well
as from previously measured®™” and estimated'” photolysis
loss rates (gray, dark blue, light blue, and black lines). Use of
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the initial loss rates measured in the experiments presented
here would imply that complete loss of particulate organic
material (via fragmentation and volatilization) occurs after 4
days; this is intermediate to results from other studies, which
suggest complete loss after anywhere from half a day to more
than 1 week. Some of this variability likely arises from
experimental differences in the systems studied (e.g, RH or
light source used). Regardless, in all cases, the use of the initial
photolytic rate implies a photolytic lifetime that is comparable
to or much faster than rates of wet deposition.

However, the longer time scales in our chamber experiments
(Figure 1) show that this initial photolytic loss rate lasts for
only ~1 day in the atmosphere, after which little photolytic
SOA mass loss occurs (solid orange/brown lines). One other
laboratory study has also shown a leveling off at longer time
scales;” when exponential offset fits are applied to their data
(Figure S2), a similar photo-recalcitrant fraction is determined
(solid light blue line). Those experiments were performed at
an elevated relative humidity (85% RH), so the recalcitrant
fraction is not expected to be entirelzr due to a lack of
photolysis in high-viscosity material.””*® The similarity in
results between these two sets of experiments, despite
differences in reaction conditions (photolysis wavelength and
RH), suggests that the observed behavior is a general feature of
a-pinene SOA. Some fraction is initially lost via photolysis, but
a substantial fraction is photo-recalcitrant and will remain
relatively unaffected by photolysis over longer time scales.

While the number of experiments is limited, the fraction of
photo-recalcitrant OA appears to increase as the Org/SO, ratio
decreases (Figures 1 and 2 and Table 1), indicating that
differences in partitioning or SOA formation reactions™ >
possibly play an important role in the fraction of photolabile
material present in @-pinene SOA. The OA concentrations
here are generally higher than ambient, and thus, care should
be taken when comparing chamber results and when
extrapolating to ambient systems. Specifically, a simple
extrapolation of this general trend to atmospheric OA loadings
would suggest a 100% photo-recalcitrant fraction in the
atmosphere. However, this seems unlikely as chromophores
such as carbonyls, peroxides, nitrate esters, etc., are known
components of atmospheric OA.>***

Additional insights into a-pinene SOA photolysis can be
gained by analyzing changes in the elemental composition as a
function of time. Figure 3 shows trends in the fraction of
carbon remaining (fc) and the carbon oxidation state
(ADS.),”® metrics that have been used to describe other
aerosol aging processes such as heterogeneous oxidation.”® f
was calculated from the total SOA mass and the elemental
ratios (O/C and H/C) measured by the AMS.” In Figure 3, f
is normalized to the carbon concentration when the lights were
turned on (t,). A'OS¢ is the difference between the carbon
oxidation state (20/C—H/C) at time t and at t, with a
subtraction of the time-dependent AOS. for the correspond-
ing dark experiment. This dark subtraction was carried out
because a small increase in OS. was observed in the dark
(Figure S3), likely due to “ripening” processes occurring as a
result of dilution and/or slow reactions of peroxides or other
reactive components.z‘?”‘?’7

In all experiments, photolysis leads to a loss of particulate
carbon (decrease in f¢) and a net increase in oxidation state
(Figure 3), which is qualitatively similar to heterogeneous and
aqueous aging.”* The carbon fraction remaining as a function
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of time (Figure 3a—c and Table 1) follows a trend similar to
that of the total organic mass (Figure 1) with an exponential
decay that reaches an asymptote at ~70—80% carbon
remaining. The relatively small net change in the oxidation
state (Figure 3d) is consistent with a balance between
functional group addition and the volatilization of small
oxidized fragments (such as acetone, formaldehyde, and
carbon monoxide).”'” The differences observed among the
three experiments are likely due to variations in the fragments
produced, the chemistry that occurs following fragmentation,
and differences in the partitioning of both the fragments and
SOA components during the experiments.

The carbon loss data in Figure 3a—c can be interpreted in
terms of key parameters of the photolysis system. The data are
fit to an exponential function (dashed lines) similar to the one
used to fit the organic mass loss (Figure 1):

fo =k +fLe_t/f =fo t (1 _fR)e_t/T (1)

where f. is the simulated carbon fraction remaining as a
function of time, fp is the recalcitrant carbon fraction, f is the
labile fraction (which equals 1 — f3), and 7 is the lifetime
against loss due to photolysis. The labile fraction corresponds
to the particulate organic carbon that is lost when all
chromophores have absorbed light and released organic
carbon fragments to the gas phase; hence, it is a function of
the abundance of chromophores and the amount of carbon lost
per photolysis reaction:
fL = CpM X Cfrag/ctot

2)

where ¢,y is the average number of chromophores per
molecule, Cy,, is the average number of carbon atoms lost
to the gas phase per photolysis event (equal to the average
carbon number of the volatile fragments), and C,, is the total
number of carbons in the molecule.

Lifetime 7 is the inverse of photolysis rate constant | of the

SOA as a whole:

1

f " (I da

frag A

1

— = ] = ¢ L X
T CPM (3)
where ¢ is the average absorption cross section (cm”
molecule ™) of chromophore-containing molecules within the
SOA, ¢ is the effective quantum vyield, defined here as the
number of carbons lost per photon absorbed and assumed to
be independent of wavelength, I is the spectral actinic flux
(photons cm™ s™' nm™"), and 4 is the wavelength (nanome-
ters). The ¢, and C,, terms set J to the loss rate of carbon, as
opposed to the loss rate of molecules (the more standard
formulation of J, typically used to describe the photolysis of
gas-phase molecules).

Determination of fp and 7 from the fit to the time-
dependent loss of particulate carbon (eq 1) allows the number
of chromophores per molecule (c,y) and the effective
quantum yield (¢) to be determined from eqs 2 and 3,
assuming the other parameters [Cfrag, Cip 06(4), and I(1)].
Here, the absorption cross section for a-pinene SOA from
Wong et al.” and the photon flux from the UVA lamps in the
chamber were used (Figure SS) for 6(4) and I(1), respectively.
Previous studies provide some initial constraints on the other
parameters. The range of carbon numbers measured in a-
pinene SOA is ~8-—19, with the most abundant product
observed, pinic acid, a C9 compound;26 we thus set C,,, to be
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Figure 4. Predicted changes to atmosperhic OA with aging using experiment 1. (a) Fraction of carbon remaining and (b) net change in carbon
oxidation state as a function of particle age for photolysis (light brown dashed line) and heterogeneous oxidation (blue solid line).? The net change
(photolysis and heterogeneous oxidation) is shown by the dark brown solid line. The shaded region shows the initial time period where photolysis
is dominant; thereafter, other atmospheric aging mechanisms will drive changes in f and OS_. Experiments 2 and 3 show similar trends with small
differences in the total extent of change due to photolysis (Figure S6).

9 carbon atoms. Volatile fragments observed from SOA
photolysis range from 1 to 3 carbon atoms,” so a value of 2.2
carbon atoms is assumed for Cg,.. Using these values, we
determine c,y values of 0.7—1 chromophore per SOA
molecule, with an effective quantum yield of 1.5-3 (Table
1). If the average molecular size (C,) is larger than our
assumed value, then the derived values for both ¢ and ¢, are
higher than those listed in Table 1 (Figure S4). When the units
for the quantum yield are converted to the number of
molecules per photon, the quantum yields estimated from the
first two experiments (~1.0) are similar to the quantum yield
estimated by Wong et al. of 1.2 + 0.2, despite being calculated
using different approaches.”

The fitted parameters (Table 1) suggest that the molecules
formed at higher loadings of SOA (experiments 1 and 2) have
more chromophores than those in lower loadings of SOA
(experiment 3). For lower OA loading (experiment 3), a larger
fraction of molecules with either one or no chromophores is
present. These differences may be driven by volatility
differences, or they may be due to chemical differences in
the type and amount of oligomers formed. These simulations
provide initial constraints on variables that can be used to
predict SOA photolytic mass loss rates and extents in the
atmosphere when a fraction of the SOA mass is photo-
recalcitrant.

By extrapolating changes in f¢ and AOS; to atmospheric
lifetimes, we can evaluate and compare the long time scale
impact of photolysis on SOA to the effects of other
atmospheric aging processes. Figure 4 shows these trends
combined with predicted changes as a result of heterogeneous
oxidation via OH radicals.® Here, the same scaling factor for
atmospheric UV exposure used in Figure 2 has been applied.
Both photolysis and heterogeneous oxidation can have
substantial impacts on the chemical properties of a-pinene
SOA, but they occur on very different time scales. Photolysis
drives an initial, rapid decrease in the carbon fraction and an
increase in the oxidation state over the first day. After this, its
impact decreases considerably and heterogeneous oxidation
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(and possibly other aging mechanisms, as well) becomes
dominant.

Overall, this work demonstrates that treatments of photo-
Iytic SOA mass loss should account for a substantial photo-
recalcitrant mass fraction. A detailed understanding of the
photolytic fate of SOA will require additional experimental
studies, spanning a range of chemical systems and reaction
conditions. Most importantly, this work should be extended to
cover different types of SOA, generated and photolytically aged
under a variety of ambient conditions (temperature, RH, OA
loading, with and without oxidants or radical species, etc.).
These data can be supplemented with more detailed chemical
measurements, providing information about the identity and
number of chromophores in SOA as well as the identity of the
volatile products. In addition, the effects of photolysis on the
chemical and physical properties of the particles should be
probed. Photolysis rates have been shown to depend on
viscosity,””*" likely in part due to a slowing or quenching of
the excited state in the particle phase.” Here, we show that the
photolysis-driven mass loss rate and recalcitrant fraction of
SOA can be predicted with values for the average number of
chromophores, the size of the fragments, the size of the parent
molecule, and the quantum yield. In addition, experiments that
access higher photon exposures (via longer time scale
experiments and/or higher photon fluxes) will enable analysis
of the photolytic fate of SOA beyond the ~1-2 days of
photolysis accessed in our study.

In the atmosphere, photolysis changes the SOA mass and
composition over the first day, after which the SOA is
effectively photobleached and other aging/loss processes will
dominate. This simple framework assumes an initial
chromophore population. However, heterogeneous oxidation
(and possibly other oxidative processes, such as aqueous-phase
oxidation) can lead to functionalization of particulate organic
carbon, which may include production of new chromo-
phores.”® Thus, in the atmosphere, the significantly slower
photolysis mass loss rate observed here at longer times may be
balanced by the new chromophores formed via these oxidation
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processes. On the other hand, these oxidative processes can
also degrade or remove chromophores from the particulate
mass, potentially increasing the mass fraction of SOA that is
photo-recalcitrant.****** The effects of all of these aging
processes are likely to vary with the chemical composition as
well as ambient conditions such as RH and temper-
ature.”?”***! Future studies that probe the interactions and
teedbacks between all chemical aging/loss processes, under
different ambient conditions and for different SOA precursors,
are needed to improve our understanding of the life cycle of
atmospheric organic aerosol.
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