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SUMMARY

Direct photolysis as a potentially important chemical loss pathway for
atmospheric organic aerosol (OA) is increasingly recognized, but remains highly
uncertain, particularly for secondary organic aerosol (SOA) derived from biomass-
burning (BB) precursors. Here we present the measurements of photolytic mass change
of SOA derived from the photooxidation of three furan precursors, 3-methylfuran, 2-
methylfuran, and furfural in an environmental chamber for both dry and humid
conditions. The SOA was collected on crystal sensors, and the mass losses by photolysis
under 300 nm and 340 nm UV were continuously monitored using a highly sensitive
quartz-crystal microbalance (QCM). By incorporating measurements and modeling, our
results suggest that SOA from furan species can lose 10-40% mass by direct photolysis
under solar radiation over their typical tropospheric lifetime. The mass loss fraction is
well correlated with the mass fraction of nitrogen-containing compounds, as these species
can largely enhance light absorption cross-section and readily undergo photodissociation

under UV light.



CHAPTER 1. INTRODUCTION

Biomass-burning organic aerosol (BBOA) emits large amounts of primary
organic aerosol as well as volatile organic compounds (VOCs) as products of cellulose
pyrolysis (Akagi et al., 2011; De Gouw & Jimenez, 2009; Yokelson et al., 2008). The
emitted VOCs can be oxidized in the atmosphere to produce secondary organic aerosol
(SOA). Those directly emitted and chemically produced biomass-burning organic aerosol
(BBOA) particles further undergo various chemical and physical aging processes, such as
condensational growth, evaporation, coagulation, chemical oxidation, hydrolysis, and
photolysis, which can change their climate- and health-relevant properties. (Hallquist et
al., 2009; Kroll & Seinfeld, 2008; Odum et al., 1996). Recent studies have identified that
aerosol and oxidation products of VOC precursors emitted by biomass burning can
change the radiative forcing in the range between — 0.8 to +0.6 W/m? on the climate
system, exerting a large uncertainty on the assessment of historical and future climate
change (Myhre et al., 2013; Tsigaridis & Kanakidou, 2018). While many VOCs are
emitted in the atmosphere in the event of biomass-burning, furan species have been
confirmed as a dominant source of biomass-burning secondary organic aerosol (BBSOA)
produced from the hydroxyl (OH) oxidation in the daytime and subsequent gas-phase
partitioning (Palm et al., 2020). The primary steps of furan SOA formation have been
quantified in a few laboratory and field research studies using mass-spectroscopy
(Bierbach et al., 1995; Coggon et al., 2019; Gémez Alvarez et al., 2009; Joo et al., 2019;
Liang et al., 2022). The OH oxidation of furan species and formation of SOA from

Goémez Alvarez et al., 2009, show the efficiency of SOA formation by obtaining furan



SOA mass concentration of 68.7 pg/m? or less and observed ranges of yield (1.85-8.5%)
with carbonyl formation from chemical analysis(Gémez Alvarez et al., 2009). Coggen et
al., 2019 evaluated furan species as one of the contributors to ozone and maleic anhydride
formation by combining FIREX-AQ measurement with the MCM model study (Coggon
et al., 2019). Laboratory results from furan species oxidized by nighttime NO3 radical
show 1.6 - 2.4 % of SOA yield for 5 - 45 pg/m> of generated aerosol mass concentration
and require certain conditions, the presence of OH radical production by the ozonolysis,
to be a major nighttime sink (Bierbach et al., 1995; Joo et al., 2019).

Along with SOA formation pathways, the change of chemical and physical
properties of SOA continues during the atmospheric transport processes including
heterogeneous reaction due to photochemical aging. Although multiple oxidations, by
gaseous oxidants (such as OH) was traditionally considered the most important pathway
of photochemical aging, recent studies highlight that direct UV photolysis can also
initiate SOA aging. A few chamber studies have investigated the impact of photolysis on
SOA, showing the reduction of SOA mass in the presence of UV light at low OH
concentration, in which photolysis could have a substantial contribution to SOA mass
loss (Henry & Donahue, 2012; Zawadowicz et al., 2020).

Despite its importance in atmospheric processes, there has been a limited number
of studies performed to determine the impact of direct photolysis on SOA. In chamber
experiments, it remains challenging to separate direct photolysis from other processes,
such as OH oxidation, particle and vapor wall losses, and temperature effect induced by
UV light. The typical chamber experiments are conducted on a timescale of less than 1

day, which is shorter than the atmospheric lifetime of SOA. To overcome these



limitations, a few previous studies have utilized the quartz crystal microbalance (QCM)
to characterize the mass changes of collected SOA films induced by direct UV photolysis
(Baboomian et al., 2020, 2022; Malecha et al., 2018; Malecha & Nizkorodov, 2016). This
technique enables long measurements over the timescale relevant to the SOA lifetime
(days to 1 week) in a controlled gas environment, which is highly valuable for the
photolysis measurements. The QCM technique has been applied in previous studies to
measure the volatility, diffusivity, and hygroscopicity of SOA (Liu et al., 2016; Liu et al.,
2018a; Liu et al., 2018b). Nevertheless, further understanding of the atmospheric process
pathways (i.e. photolysis) of BBSOA is still required to fully understand the impact on
the climate. Especially, the implication of direct photolysis on BBSOA has not been
studied in the laboratory and key parameters needed to estimate the SOA fate in 3D
models are still unknown.

In this study, we produced SOA from the photooxidation of different furan
species, including 3-methylfuran, 2-methylfuran, and furfural in an environmental
chamber in both dry and humid conditions and measured the chemical composition of the
SOA using aerosol mass spectrometry. We grew thin films of SOA materials by
collecting the produced SOA particles on crystal sensors. The mass changes of SOA film
during direct photolysis under 300 nm and 340 nm UV were continuously monitored
using a high-sensitivity, temperature-controlled QCM with dissipation (QCM-D)
apparatus. We then correlated chemical characteristics analyzed by a high-resolution
time-of-flight aerosol mass spectrometer (HR-ToF-AMS) to investigate typical chemical
composition contributing to the photodegradation process. Based on the two-wavelength

measurements, we further estimated the photolytically induced mass change of each SOA



type under the solar spectrum and atmospheric implications of photolysis on the BBSOA

removal process are discussed.



CHAPTER 2. MATERIALS AND METHODS

2.1 Laboratory chamber experiment: SOA generation

All experiments conducted for SOA formation were performed in the 12 m?
Georgia Tech Environmental Chamber (GTEC) facility equipped with multiple
instruments, which can simultaneously measure aerosol mass concentration and chemical
composition of formed SOA, as well as NO, NO2, O3, RH, and temperature (Boyd et al.,
2015). Wet ammonium sulfate seed particles produced by atomizing 0.015M (NH4)2SO4
solution (model 3076, TSI) were injected into the chamber without drying for 20 min.
The chamber was operated under two different relative humidity conditions (<5% and
~50% RH), such that the ammonium sulfate particles adopt solid and liquid phase states,
respectively. In order to produce SOA, three different types of biomass-burning VOC
precursors, 3-methylfuran (98%, Acros Organics), 2-methylfuran (99%, Sigma-Aldrich),
and furfural (99%, Sigma-Aldrich) were chosen in this work based on the frameworks
used in previous research (Gomez Alvarez et al., 2009; Joo et al., 2019). Nitrous acid
(HONO) was used as a source of OH radicals. In this study, HONO was generated by a
liquid-phase reaction of 10% sodium nitrite (NaNO2, VWR International) with 10%
diluted sulfuric acid (H2SO4, VWR International). The mixture of two liquids formed the
gas phase HONO which was transferred in a stream of pure air at a flow rate of 5 L/min
(Tuet et al., 2017).

After seed particle injection, a VOC precursor was injected into the chamber with
HONO. To briefly describe 520-530 ppb of 3-methylfuran, 600-615ppb of 2-

methylfuran, 197-201 ppb of furfural, and an excess amount of HONO are added to form



OH radical oxidized SOA in the chamber. After another 1 hr. of mixing, the chamber UV
lights (300 nm-400 nm) (Sylvania, 24922) were illuminated to generate OH radical by
photolyzing HONO and to initiate the formation of SOA by condensation of oxidized
product in each experiment to form SOA. A Scanning Mobility Particle Sizer (SMPS,
model 3080, TSI) were used for particle number, volume, and size distribution inside the
chamber in the particle size range from 17 nm to 1um. The concentration of the injected
VOC amount was measured using a gas chromatography flame ionization detector (GC-
FID, 7890A, Agilent Technologies). The changes of the NOx cycle from HONO injection
were measured by chemiluminescence NOx monitor for NO (42C, Thermofisher
Scientific) and cavity attenuated phase shift (CAPS) for NO2 concentration. The SOA
composition was also monitored by a high-resolution time-of-flight aerosol mass
spectrometer (HR-ToF-AMS, Aerodyne Research, Inc.) for aerosol chemical composition
(Canagaratna et al., 2007). HR-ToF-AMS is able to identify the fragmentized SOA
composition up to the particle size range of 1 um. HR-ToF-AMS data were analyzed
using Igor pro 8.0.4.2 with the standard analysis toolkit of Squirrel v 1.65 and Pika v1.25.
Chemical analysis results used in this study are obtained by high-resolution peak fitting
and improved ambient method (Canagaratna et al., 2015). In each of the chemical
analysis results, chemical characteristics of SOA were obtained over the average 30-
minute period at the peak of organic mass concentration of measurement done by HR-
ToF-AMS. Details of chemical families retrieved from HR-ToF-AMS data were used for
correlation analysis to assess the potential chemical contribution to photolysis. Different

chemical compositions were tested in each experiment with modeled mass fraction loss.



2.2 Photolysis of collected SOA film by QCM

To measure the UV photolysis effect of SOA, a quartz-crystal microbalance
(QCM, Q-sense explorer, Biolin Scientific AB) was used to measure changes in SOA
mass (Liu et al., 2018). For each QCM sensor, water and methanol are used to wash the
surface of the sensors. The washed sensors were dried with pure air and then treated with
UV-ozone (UV-Ozone cleaner, ProCleaner Plus, Bioforce Nanoscience) for 20 min to
clean any contaminants including organics and VOCs on the surface. After the treatment,
sensors were placed in QCM for baseline measurements. The baseline is needed to
identify the deposited mass on the QCM sensors after SOA collection.

The collection of SOA was conducted using two different methods 1) custom-
made single-stage impactor (Liu et al., 2018; Poschl et al., 2010; Song et al., 2017) and 2)
corona discharge unipolar charger (CC-8020, IONER) combined with a nanometer
aerosol sampler (TSI 3089) The collection using the custom-made single-stage impactor
was connected to the chamber and the chamber air was directly drawn at a flow rate of 4
L/min. The flow rate allotted here gives the cut-off diameter of 100 to 200 nm, which was
sufficient to collect the generated SOA in the chamber. The other collection method used
a nanometer aerosol sampler with a sensor placed on a negative electrode stage (-10 kV)
to collect positively charged particles by a unipolar charger. The flow rate was 1 L/min.
By using a unipolar charger, this combined apparatus can largely increase the particle
collection efficiency (70-100 %) for particle less than 500 nm compared to our previous
studies using a bipolar charger (2-10 %) for PM1 (Liu et al., 2013, 2016; Liu, Li, et al.,
2018a). Both methods can effectively collect SOA mass produced in the chamber with a

mode diameter of 300-500 nm in mass-diameter distribution, and we do not anticipate



that different sampling methods significantly affect our results. However, the second
method can produce more uniform particle deposition thus preferred for the QCM
analysis.

The SOA-laden QCM sensor was placed in a window module flow cell (Biolin
Scientific, Q-sense QWM-401) and the SOA mass was analyzed under different UV light
wavelengths (300 nm, 340 nm, and dark) (UV LED M300L4 and 340L4, Thorlabs) using
QCM as shown in Appendix Figure Al. The sampling frequency of QCM is roughly 1 s.
Since particle sizes collected on the sensors were sufficient to form a thin film, the
samples were analyzed directly without any further treatment The height of the LED light
was affixed to be identical throughout the entire experiment to maintain the UV light
intensities. The UV photon flux was measured by a power energy meter (PM100D with
S405C sensor, Thorlabs). The QCM chamber was purged with a zero-air flow (737-15,
Adeco) at a flow rate of 0.03 L/min. The zero air was split into two flow lines to be used
for dry and humid air downstream of the flow. The flow of this experiment was adjusted
to only dry flow at the RH below 1 %. The lights were alternatively turned on and turned
off every 10 min for a clear distinction between photolysis and non-photolysis period.
The light-off periods between light-on periods represented evaporation without active
direct photolysis, which can be used to determine the volatility of the photolysis products.
Dark experiments without turning on the UV light were also conducted to measure the
evaporative mass loss of SOA without photolysis. The data were reported as the mass
fraction remaining of SOA, defined as SOA mass during the dark or photolytic aging
experiment normalized by the initial SOA mass deposited on the QCM sensor. The

analysis of the SOA mass fraction remaining has excluded the mass of ammonium sulfate



seed particles for each experiment, determined based on the HR-ToF-AMS analysis

measured for chamber aerosol during the sampling period.

2.3 Modeling of SOA mass loss by photolysis under solar spectrum

To demonstrate the potential impact of photolysis on SOA in atmospheric
conditions, a numerical model was performed as described in section Appendix Al. This
model specifically focused on describing the effect of atmospheric photolysis on furan
SOA.

Since not all SOA mass deposited on the sensor undergoes photolysis, we
expressed relevant variables obtained from experimentally measured photolytic decay
under each lamp using exponential functions. The exponential function can be displayed
as following equations 1 and 2. In these equations, we considered the non-photolabile
fraction (A0 for 300 nm and BO for 340 nm), the photolabile fraction (A1 for 300 nm and
B1 for 340 nm), and the photolysis rate (k1 for 300 nm and g1 for 340 nm). The study
assumed that the sum of the unreactive fraction and the photolabile fraction of SOA is
equal to 1. The parameters for these photolysis rate constants for each experiment were
calculated with respect to the organic fraction measured by HR-ToF-AMS and
absorbance measured by UV-Vis spectrometer (DT-Mini and USB4000, Ocean Optics).
Furthermore, the mass absorption efficiency (MAE) for each compound was determined

based on the absorbance measurements as described in Appendix section A2.

Myamp,300nm = Ao + Aq exp(—kqt) (Equation 1)

Miamp,340 nm = Bo + By exp(—g;t) (Equation 2)



In order to investigate the mass decay of furan SOA through photolysis under
solar spectrum conditions, we employed a scaling factor derived from the standard solar
irradiance spectrum (ASTM G-173-03, National Renewable Energy Laboratory) as
shown in equation 3. Where FL is the photon flux, g; is the absorption cross-section, and
®,; », quantum yields of lamps are assumed to be constant within the wavelength range of

each lamp.

fF(/l)solar O-Ad/l :]solar
fF(/l)Lamp O'/ld/1 ]lamp

scaling factor = (Equation 3)

] = fF(/D - p() - () - dA (Equation 4)

The fractions between Jiamp and Jsolar were used to derive the scaling factors of
each lamp. With the application of scaling factors, the mass fraction loss of each
experiment was regenerated equivalent to solar radiation. With the wavelength-dependent
absorption cross-section, the photolysis rate constant of solar radiation (J solar) Was also
calculated (equation 4). This approach allowed us to accurately assess the impact of solar
radiation on the degradation of furan SOA, providing valuable insights into its

environmental fate and potential implication.
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CHAPTER 3. RESULTS AND DISCUSSION

3.1 Mass loss observation of Furan SOA under various conditions
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Figure 1. Time series profile of SOA mass fraction remaining measured by QCM for
photolysis under 300 nm (red), 340 nm (yellow) UV light irradiation, and during dark
(blue) condition (a) 3-methylfuran SOA generated under dry chamber condition, (b) 3-
methylfuran SOA generated under humid chamber condition, (c) 2-methylfuran SOA
generated under dry chamber condition, (d) 2-methylfuran SOA generated under humid
chamber condition, (e) furfural SOA generated under dry condition, and (f) furfural SOA
generated under humid chamber condition

A series of experiments confirm that SOA produced from different furan
precursors can undergo significant photolytic mass loss for both 300 nm and 340 nm UV
irradiation. Figure 1 shows the measured time profiles of mass fraction remaining for

SOA generated from 3 different VOC precursors under different chamber RH. The
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aerosol formation for each precursor, chamber RH, SOA mass loading on the QCM
sensor, and density of organics observed for all chamber experiments are listed in Table
Al. A large aerosol formation discovered at higher RH for 3-methylfuran and 2-
methylfuran could be led by water uptake. AM,, is calculated based on the density of
organics were calculated based on the H:C and O:C ratio presented by Kuwata et al.,
2012 (Kuwata et al., 2012). The final percentage of SOA mass loss after 48 hr. photolysis
under dark, 300 nm and 340 nm UV light in the QCM of each experiment is summarized
in Table A2. The mass fraction loss observed under dark conditions (blue line with
circular marker) is measured to be close to or less than 5% in all measured data. This
mass loss is due to the evaporation of semi-volatile organic carbon (SVOCs) that
occurred in the QCM chamber condition, which is determined by the intrinsic volatility
and possibly diffusivity of SOA material (Liu et al., 2016). The mass fraction losses for
photolytic aging experiments under 300 nm and 340 nm UV irradiation are higher than
the dark baseline over the entire 48 hr. experiment, indicating significant photolytic mass
losses. For SOA produced at dry conditions, the percentage of mass loss after hr.
photolysis under 300 nm UV was the greatest for furfural SOA (35.8 %), followed by 2-
methylfuran SOA (26.2%), and 3-methylfuran SOA (24.5%), hence the least mass
fraction remains on the sensor. Meanwhile, SOA produced in a humid chamber showed
less mass fraction loss compared to dry SOA, furfural, 2-methylfuran, and 3-methylfuran
SOA at 23.9 %, 16.5 %, and 22.0 %, respectively. Such data from mass fraction loss in
the dry and humid conditions confirms that all obtained BBSOA formed under dry
conditions gets lost by photolysis under 300 nm light. Compared with photolytic aging

experiments under 300 nm UV, the mass loss fractions induced by 48 hr. photolysis
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under 340 nm UV were less, because of weaker light absorption and possibly lower
quantum yield at the longer wavelength, although the 340 nm UV light used in the study

had a stronger light intensity than the 300 nm light as shown in Figure A2.

Considering the results obtained from the experiments, the mass loss of furan
SOA by photolysis shows the dependence on light energy emitted. We anticipate that the
wavelength of the light affected the amount of energy absorbed by the SOA, which could
potentially contribute to the quantum yield of the SOA. As the SOA is more susceptible
to light energy, the number of molecules undergoing photolysis can be larger to induce
SOA mass loss. A comparison of the experiments with each light condition confirms that
the mass fraction loss of BBSOA could be directly affected by the light wavelength.
Especially, the result shows a much higher mass loss of SOA during the photolysis of 300
nm light than 340 nm light. While the distribution of mass loss varied under 340 nm light,
the changes of mass during the light illumination are much greater than in the dark
condition, which confirms that the BBSOA under 340 nm light illumination is still

susceptible to absorbing light energy to undergo photolysis.

Although photolysis in various wavelengths of light photolyzes a substantial
portion of the organic aerosol mass, the RH effect during the formation of SOA is also
highlighted. The water uptake during the formation of SOA can change the
hygroscopicity of the SOA which could affect refractive index of the aerosol and phase
state of SOA during the photolysis (Tao et al., 2014). Wong et al., 2015 and Baboomian
et al., 2019 measured an increase in mass loss rate by a factor of 2-3 during photolysis on

a-pinene SOA at elevated RH from laboratory chamber and QCM experiments
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(Baboomian et al., 2020; Wong et al., 2015). However, it is worth noting that BBSOA
formed under dry conditions produces much higher mass loss than the BBOA formed in
humid conditions in this study. The deviation between water contribution to SOA
formation and photolysis impact is more significant under 300 nm light, indicating that
RH condition during the formation of SOA can play a crucial role in the mass loss rate
due to the water uptake. Although the photolysis experiments are maintained at less than
1% of RH condition, we expect that the RH condition during the photolysis cannot be
negligible in the mass loss rate by aerosol liquid water content. We conclude that the
absolute mass fraction losses are a combination of the evaporation, formation of semi-
volatile organic compound (SVOC), and photo-dissociation of SOA, and the dominant
impact by photolysis was driven to the overall mass loss measured by the QCM. Mang et
al., 2008 reported that the study for limonene-derived SOA on the filter and in aqueous
solutions, in which the formation of CO, CH4, acetone, and other VOCs was observed
during the photolysis via Norrish Type I and II reactions (Mang et al., 2008). Thus, any
potential formation of secondly generated aerosols during photolysis still requires further

research.

3.2 Relationship between chemical characteristics of Furan SOA and mass

fraction loss

The photolysis behavior of SOA can be affected by several factors. The actinic
flux of UV irradiation and light absorption cross-section of SOA combined can determine
the photon flux absorbed by the SOA, which can in turn determine the upper limit of the
photolysis rate (equation 4). The chemical composition, such as functional groups, can

determine both light absorption and the quantum yield, thus influencing the photolysis

14



rates and photo-labile fraction. The mass loss rate and mass and mass remaining fraction
can be also influenced by the volatility of photolysis products, as photolysis may produce
SVOCs that slowly evaporate even without UV light. Using SOA chemical composition
data measured by the HR-ToF-AMS, we explored potential relationships between the
mass loss fraction and the mass fraction of different chemical families. The fraction
parameterization results from HR-ToF-AMS are described for each type of experiment in
Figure A3 and the results of the parameterized values are applied in Figure 2. Due to the
light-absorbing properties of the organic nitrate, we include the CHN, CH¢y)ON,
CHO@)N, and NO families as nitrogen-containing compounds of this parameterization
analysis (Farmer et al., 2010; Laskin et al., 2015). Figure 2(a) shows the relationship
between the net mass loss fraction obtained under 300 nm after 48 hr. UV light
irradiation and the nitrogen-containing compound fraction that is positively associated
with a slope of 2.3x + 0.032 and r? of 0.55, which shows the highest correlation among
all compositions. This indicates that nitrogen-containing species can play an important
role in photolysis. The chemical compositions in the generated furan SOA are expected to
be related to the photolysis to have different mass decay rates observed in the QCM
experiment. One plausible explanation is that the nitrogen-containing compounds are
likely to be the brown carbon aerosol present in chromophores which absorbs light and is
likely to be lost by photobleaching (Adler et al., 2019; Laskin et al., 2015; O’Brien &
Kroll, 2019). These results can be compared with previous studies on the photolytic mass
loss of different types of SOA measured online in chamber studies and offline by the
QCM and other techniques. For example, chamber studies by O’Brien and Kroll (2019)

suggest that a-pinene SOA under 300-400 nm UV light undergoes rapid initial mass

15



decay followed by a much slower mass loss rate, and 70%-90% SOA is photo-recalcitrant
with negligible photolytic degradation (O’Brien & Kroll, 2019). Our study confirms that

a large fraction of SOA derived from furan species can be non-photolabile.
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Figure 2. Chemical characteristics verses the mass fraction loss at 300 nm UV irradiation
(a) N-containing fraction and (b) with mass absorption efficiency (MAE) at 310 nm
measured by UV-visible spectrometer

Here, we use MAE at 310 nm which represents the similar light energy applied in
the experiment due to the uncertainties of methanol soluble extracts in the wavelength
below 305 nm on the UV-Vis spectrometer (Figure 2(b)). The pattern of MAE310nm of
furan SOA shows that higher MAE 310 nm values are observed from the SOA generated
in dry conditions. A higher MAE310mm is associated with a higher mass fraction loss for
300 nm UV photolysis. Detailed analysis on the light absorption of furan SOA produced
under different chamber RH and possible chemical mechanisms of brown carbon

formation are discussed elsewhere (Joo et al., 2023). Overall, this agreement indicates
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that furfural SOA has higher light absorbing properties, such as wavelength-dependent
aerosol optical property than others, in which the mass loss is associated with the
enhancement of the MAE 310 nm by the formation condition of SOA resulting in a
higher mass fraction loss by the photolysis. The difference in light absorption properties
between SOA of the same precursor produced under dry and humid chamber conditions
can well explain the difference in the photolabile fraction under 300 nm UV.

We note that the slope between mass fraction loss and the nitrogen-containing
fraction is higher than unity, indicating that photolysis of nitrogen-containing species
alone does not fully explain the photo-labile fraction of SOA. In addition, the role of RH
in the process of formation of SOA involved in the formation of carbonyl, such as
glyoxal, methylglyoxal as described in the previous study, which will eventually form
hemiacetal product (aldehyde or ketone) (Nguyen et al., 2011). Previous research, Wong
et al., 2015 utilized the analysis method adopted by Ng et al., 2011 to describe the trend
of the functional group identified by HR-ToF-AMS and identified a substantial decrease
of f43 (carbonyl) fraction during the photolysis period from o.-pinene SOA (Ng et al.,
2011; Wong et al., 2015). Interestingly, the relationship with CHO" fragment detected at
m/z 29 containing carbonyl functional group in this study did not show a significant
relationship with the mass fraction loss, as well as from the C2H3O", m/z 43 which could
be contributed by carbonyl, alcohols, and ethers. Although the CHO fraction is
considered as carbonyl functional group, the study results do not identify the direct
relationship with RH effect on carbonyl formation as well as the carbonyl functional
group to mass fraction loss. Therefore, our result from this study is not consistent with

the photolysis experiment data of a.-pinene SOA in a chamber. The disagreement on the
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functional group is likely due to the major chemical oxidation pathways of ozonolysis
and photooxidation. However, due to the contribution of nitrogen-containing compounds
generated during the formation of SOA, it is possible that other chemical functional
groups, such as amines, amides, imines, etc., could play a crucial role in photolytic mass

loss mechanisms.
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3.3 Atmospheric implication
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Figure 3. Photolytic mass loss curve under solar spectrum radiation for each SOA type
(a) photolytic mass decay with SOA formed under dry condition and (b) photolytic mass
decay with SOA formed under humid condition. Dashed line refers to the potential mass
loss of furan-derived BBOA in the boundary layer and lower free troposphere.

The photolysis curves under the solar spectrum radiation are generated for each
SOA type in Figure 3 and the potential mass loss after 240 hr. of photolysis is listed in
Table A3. In order to identify the potential mass loss of furan-derived SOA by photolysis,
we further estimate decays with an exponential fit and categorized the photolabile (A0 for
300 nm and BO for 340 nm), non-photolabile fraction (Al for 300 nm and B1 for 340
nm), and photolysis rate (k1 for 300 nm and gl for 340 nm) for mid-range as shown in
Table 1. The values of photolabile, non-photolabile fractions, and mass decay rate
determined by exponential fitting based on the experiments are applied and used bi-
exponential fitting to obtain the mass loss under the solar spectrum as described in
materials and method section 2.3. We project photolysis in atmospheric conditions, where
model calculations predict less mass loss compared to the experimental results when
compared with the same photolysis time. There are two reasons for this effect, (1) the

wider solar spectrum incorporated for photolysis impact is less affected by the mass

19



decrease, (2) the intensity of light directly involved in the photon energy absorbed on
SOA, which would strongly decrease the mass fraction measured by QCM. Therefore, we
anticipate less mass loss under the solar spectrum by applying a scaling factor between
the solar spectrum and lights. The model estimates of potential mass fraction loss in the
solar spectrum showed the highest loss in a mass fraction on furfural SOA, which agrees
with the experimental results. The dashed vertical lines remark the potential decay in
mass fraction of furan-derived BBOA in the boundary layer and lower free troposphere,
indicating that the mass fraction of SOA derived from 3-methylfuran, 2-methylfuran, and
furfural can be decreased significantly with photolysis under the solar spectrum. Clearly,
there are uncertainties shown as shaded areas in this model. The contribution to these
uncertainties is determined by the under-represented scales between the two lights and
the solar spectrum which is not constrained in this model. Therefore, the mid-range mass
loss and its rate reported in this study are likely to underestimate or overestimate the
primary photolytic mass loss. However, the photolysis effect of such SOA may be the

important fate of SOA in the atmospheric condition.

Table 1. Photolabile, non-photolabile, and photolysis rate for each SOA type

A0 A1 ki(hr')  BO B1 g1 (hr)
3-methylfuran 076 024  0.057 094 0061 0.074
Dry  2-methylfuran 077 023  0.058 093 0071  0.064
Furfural 062 038 0043 027 0.73  0.00088
3-methylfuran  0.81 019  0.068  0.89 0.11 0.082
Humid 2-methylfuran 087 013 0087 095 0.049  0.026
Furfural 077 023 0049 092  0.083  0.046
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CHAPTER 4. CONCLUSION

To assess the importance of photolysis in the atmosphere, the mass fraction loss
with respect to the solar irradiation spectrum was estimated. Using the experimentally
determined photolabile, non-photolabile, and photolysis rate, the mass fraction loss under
the solar spectrum is to be between 10-40 % over 10 days of continuous photolysis.
Given that the average lifetime of SOA in the atmosphere is approximately 1-2 weeks,
this result provides a very broad estimation indicating that the photolysis can be an
important sink of BBSOA in the atmosphere. Also, we hypothesized that the dependence
of photolysis on the chemical characteristics of SOA is due to the nitrogen-containing
fraction. Especially, higher N-containing fraction exhibited the higher mass fraction loss,
which likely contain amine, amides, and imines. These functional groups can be lost by
photodegradation and chemical loss during photolysis. This finding suggests that the
photolysis reaction on biomass burning precursor-derived SOA could potentially cause a
decrease in mass concentration in the atmospheric condition. The photolytic
decomposition pathways of the SOA and the analysis of the production of SOA during
the photolysis still require further research in detail. However, this study shows ranges of
impact on SOA mass from different biomass-burning VOC precursors under specific UV
wavelengths, as well as in the solar spectrum. Therefore, the study results have a
significant implication for the projection of climate change by improving the
representation of organic aerosol in the atmospheric model by providing knowledge

related to biomass burning events.
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APPENDIX A. SUPPORTING INFORMATION

Pure air

UV Light MFC
(300, 340 nm) MFC

Water

QCM chamber

Figure Al. Experimental setup using quartz crystal microbalance (QCM)

A.1 Modeling of SOA mass loss by photolysis under solar spectrum

In this part of the study, the developed model included the standard solar spectrum
coupled to the flux of lights to simulate the potential impact of photolysis on SOA. The
initial relationship between lamp frequency offsets (Hz) to total irradiance (W/m?) was
obtained by light calibration. We assume that the photon flux of the lamp f}4mp 2 is based
on the known shape of light intensity. To demonstrate the potential impact of photolysis
on SOA in atmospheric conditions, the conversion of lamp frequency offset to total
irradiance is applied based on the light calibration as shown in Figure 2. The calculated
total irradiance and solar irradiance spectrum (ASTM G-173-03, National Renewable
Energy Laboratory) are converted into photon flux using Planck-Einstein relation, h is

Plank’s constant (6.626 X 1073* (J/s)), c is a speed of light (3.00 x 108(m/s)), Ais
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a wavelength (nm), e is photon energy (J/photon), E is irradiance spectrum

(W /m? - nm), and F is photon flux (Photons/cm? - s? - nm) using equation 1 and 2.

Solar spectrum
300 nm Lamp
104 340 nm Lamp

::i_ --/L"‘”’W'w

250 300 350 400

A(nm)

Phoron flux/photons cm2 7' nm™’!

Figure A2. Spectral photon flux density of 300 nm light, 340 nm light, and solar spectrum
(ASTM G-173-03)

c
e = hi (Equation 1)
E; .
Fp=— (Equation 2)
)

Based on the power output of the lamp by the manufacturers’ specification, the

lamp photon flux distribution (Fpqmp 1) is derived by applying the correction factor of
Cramp (Equation 3). Solar irradiance spectrum is also converted to photon flux based on

e,, where e; is the photon energy associated with a wave of light with a frequency and

Ego1ar 2 is solar irradiance spectrum (W/m? nm) (Equation 4).

E;
C = F =C .
Lamp f fLamp,/l e dA Lamp,A Lampf Lamp,A (Equation 3)
E
I solar,A — %W (Equation 4)
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With the wavelength-dependent absorption cross-section, the photolysis rate
constant of solar radiation (j solar) 1s also calculated based on Equation 5. The fractions
between j 1amp and j solar are used to derive the scaling factors of each lamp. With the
application of scaling factors, the mass fraction loss of each experiment is regenerated
equivalent to solar radiation. The scaling factors of photolysis rates between lamps and

the solar radiation could be calculated using the following equation 6-8:

J= J—FACDAJAFdA (Equation 5)
Jin = [ Froaon®iagdd = @1, [ Fiazorda (Equation 6)
Equation 7
Ji2 = fFLz,AUAq)Lz,A dA = (DszFLz,AUA da (Eq )
Acut (Equation 8)
]solar</1cut = f Fso1ar 202 Psotara da
280 nm
ACUI
= (bsolar</1cut f Fsotar,202 da
280 nm

Where FL is the photon flux of the lamp, g; is the absorption cross-section, and
®, 5, quantum yields of lamps are assumed to be constant within the wavelength range of
each lamp. The absorbance at a specific wavelength is calculated using the following

equation 9:

AbSl AbS/l .
a; = log(10) NL - log (10) p—LMWSOA (Equation 9)

Abs,is the absorbance measured by UV-Vis as a function of wavelength from the

previous study (Joo et al., 2023). N is the molecule concentration of SOA in the extract, p
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is the mass concentration of the extraction solution, and L is the optical depth (2.5 m)
used during UV-vis spectrometry measurement (DT-Mini and USB4000, Ocean Optics).

In this study, the choice of molecular weight of the SOA was assumed to be 200 g/mol.

The derivation of the scaling factor from lamps to two ranges of the solar

spectrum can be done as R; (Equation 10-11).

]solar</1cut f FLl,AUA da .
Ry = N = o (Equation 10)
L1 fzgo nm Fsolar,)lo-/'l da
R, = ]solar>lcut _ fFLZ,AUA da E . 11
L2 = = t
I 400 nm Foorar 102 A (Equation 11)

lC'U.L'

The method calculating the decay rates of the photolysis of furan-derived SOA is

done by following equation 12-15.

mp, = AO + A1 eXp(_klt) (Equation 12)
my, = By + B, exp(—g;t) (Equation 13)
If, Ay < By (Equation 14)

fi = Ao f = (Bo — Ag) exp(—k Ry 1t) 5 f3

= (1 - By) exp(—=Rp kit — R;59:t)

If, By < 4, (Equation 15)
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fi = Bo; f2 = (Ag — Bo) exp(—g1R12t) s f3

= (1 - Ap) exp(—Ry kit — R, g11)

To fit the experimental data, we use an exponential model, A, and B, represent
the fraction of the un-photolyzable SOA, A, and B; as photolyzable fraction of SOA with
decay rate of k; and g, respectively for each lamp. The summation of the components
Ay + A and By + B, are normalized to 1 and the photolysis curve under the solar

radiation is generated by equation 16.

Msoiar =1+ 2+ f3 (Equation 16)

Table A2. Experimental condition measured by GC-FID, HR-ToF-AMS, SMPS, and
QCM

Experiment 3-methylfuran 2-methylfuran Furfural
RH condition Dry Humid Dry Humid Dry Humid
(<5%) (50-55%) (<5%) (50-55%) (<5%) (50-55%)
AHC (ppb) 520.67 + 533.58+ 614.63+ 603.44 19749  201.64

1.04 2.65 1.87 +4.90 +3.45 3.28
AM, (ug/m®)  164.00+ 287.62+ 109.63+ 163.64+ 19523+ 193.48+
0.48 1.37 0.70 1.27 0.40 1.44
E'egt‘i’gta' 1.56, 1.54. 1.39, 1.41, 1.15, 1.20,
(H:C. O:C) 1.24 1.20 1.49 1.55 1.38 0.94
Density of
organic 1.68 1.66 1.85 1.87 1.9 1.67
(g/cm?)
Mass on QCM  17.19, 431, 502, 11.65, 9.31, 4.04,
sensor (ug) 9.39, 1.55, 5.23, 13.7, 8.79, 5.52,
10 533 9.43 4.90 14.76 4.92
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Table A3. Final organic mass fraction loss under different over 48 hr. light illumination

SOA precursor Dark 300 nm 340 nm

3-methylfuran 2.71% 24.52% 8.88%

Dry 2-methylfuran 5.14% 26.17% 11.85%
Furfural 3.91% 35.80% 6.79%

3-methylfuran 4.16% 22.04% 14.88%

Humid 2-methylfuran 3.57% 16.52% 6.98%
Furfural 2.58% 23.91% 10.19%

A.2 Prediction of mass absorption efficiency (MAE)

The mass absorption efficiency at 310 nm is estimated based on the measured
absorbance (abs,) followed by equation 17 for each compound from the UV-vis
spectrometer described previously. In this part of the study, organic aerosol samples are
collected on 47 mm Teflon filters (2 um pore size, Pall Corporation) during the peak
aerosol mass concentration. Collected organic aerosols are dissolved in methanol and
water to extract soluble organic aerosol. However, in this specific study, we only use the
absorbance of organic aerosol dissolved in a methanol solution to obtain any soluble
organic aerosols deposited on the filter samples. Detailed descriptions of filter collection

were described in Joo et al., 2023 (Joo et al., 2023).

315nm
308 nm absy

27\ = 11 (Equation 17)
MAE m =
310 nm ( /g) Total soluable organic aerosol (g m=2)
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Table A4. Summary of relative reduction (%) of BBOA due to photolysis under solar

spectrum by hours

SOA precursor

3-methylfuran

2-methylfuran
Furfural

3-methylfuran

2-methylfuran

o—3cTIT <=0

Furfural

24 hr.

6.1%
5.0%
8.5%
8.7%
2.5%
8.6%

48 hr.

9.1%
7.9%
15.2%
11.8%
4.6%
13.6%

28

72 hr.

11.0%
9.8%
20.6%
13.3%
6.2%
16.7%

240 hr.

18.2%
15.7%
38.5%
16.8%
10.8%
22.6%

3-day

ambient
(36 hr.)

7.8%
6.7%
12.0%
10.6%
3.6%
11.4%

10-day
ambient
(120 hr.)

13.7%
12.1%
28.5%
14.8%
8.2%

20.1%
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