Photolytic aging of organic aerosol from pyrolyzed urban materials
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ENVIRONMENTAL SIGNIFICANCE

The frequency of fires occurring at the wildland-urban interface is increasing, with biomass
and a wide range of human-engineered materials serving as fuels. Urban material combustion is
an important source of atmospheric particulate matter emissions. Smoke particles that can absorb
visible solar radiation are especially important because they reduce visibility and lead to
atmospheric warming. This work determines the extent to which particulate matter from the
burning of different urban materials can absorb sunlight. Additionally, it shows that light-
absorbing properties of this particulate matter change upon exposure to solar UV radiation by 1)
decomposing light-absorbing compounds (photobleaching) or 2) producing stronger light-
absorbing compounds from photooxidation of smaller molecules (photoenhancement). On
average, photoenhancement is a more important effect resulting in increasing light absorption by
the particulate matter after it travels through the air. This means that smoke particles emitted during

wildland-urban interface fires may have a strong effect on visibility and climate.
ABSTRACT

Emissions from large-scale fires significantly contribute to the atmospheric burden of
primary organic aerosol (OA). The frequency of fires occurring at the wildland-urban interface
(WUI) is increasing, with biomass and a wide range of human-engineered materials serving as
fuels. The chemical composition and optical properties of OA from WUI fires are poorly
characterized, and this work seeks to understand how direct photolytic aging alters the light
absorbing properties of particulate matter generated from WUI fires. Ten flammable urban
materials were selected to represent structural and furnishing components commonly combusted
in urban fires: electrical 12 AWG wire (white PVC coating), ceiling tile, synthetic fabric, electrical
23 AWG wire (purple PVC coating), lumber, drywall, fiberboard, vinyl flooring, plywood, and
carpet. Each material was pyrolyzed at 600 °C under N in a tube furnace and resulting smoke
particles were collected on Teflon filters or deposited on fused silica optical windows. OA samples
were aged by exposing them to simulated solar radiation (near-UV radiation, 280-400 nm) directly
on the collection substrates. Mass absorption coefficients (MAC) values and Absorption Angstrom
Exponents (A4FE) of the unaged and aged OA were calculated from spectrophotometry

measurements taken after extracting OA in suitable organic solvents. We observed variable trends



after short-term exposure to UV radiation: six out of ten types of urban OA exhibited
photoenhancement, two exhibited photobleaching, and the remaining two experienced negligible
change after 2 h of photolytic aging. The average AAE value for unaged OA was 8.8 + 1.3 and
decreased to 7.3 £ 0.9 after aging, reflecting increased absorption in the visible range of the
spectrum after the UV exposure, and an evolution from very weakly to weakly absorbing brown
carbon. Long-term UV exposure results indicate that most photochemical change occurs within
the first few hours of irradiation. These results suggest that WUI fires efficiently produce brown

carbon, which becomes increasingly light-absorbing in sunlight.



1. INTRODUCTION

Aerosols affect the propagation of radiation through Earth’s atmosphere by directly
absorbing or scattering incoming solar radiation. Black carbon (BC) and brown carbon (BrC) are
components of carbonaceous aerosol particles that absorb solar radiation and contribute to direct
forcing on climate by aerosols. BC absorbs strongly over a broad wavelength range and is
commonly attributed to soot particles emitted from biomass burning and incomplete combustion
of fossil fuels.! BrC is characterized by a negligible absorption coefficient at the red edge of the
visible spectrum (600-700 nm) and has a much stronger absorption coefficient in the near-UV and
blue range of the spectrum (300-500 nm), attributing to its brown color.>™* BrC can be emitted
from the burning of biomass materials (wildfires,>® domestic wood burning,” and cookstove
emissions!'®) and its optical properties are highly variable and dependent upon their biofuel source
and combustion conditions.!!!* Atmospheric BrC can also result from the oxidation of aromatic
hydrocarbons producing light-absorbing secondary organic aerosol (SOA).

The high chemical reactivity of OA alters its chemical composition and optical properties
on atmospherically relevant timescales. Solar radiation drives many of these aging processes by
directly photolyzing light-absorbing species, and also through indirect photochemical processes,
such as secondary reactions of OA compounds with photochemically produced free radicals and
photosensitized reactions.!®!* Many studies have been conducted to examine the aqueous
photochemistry of OA extracts to simulate the photochemical processing of organics dissolved in
fog and cloud water.!>>} Less attention has been given to simulating photochemical processing
that occurs inside the organic phase of particles. This organic phase represents a unique
environment for photochemistry because of its higher viscosity and reduced polarity compared to
an aqueous solution resulting in different photochemical mechanisms in organic particles and in
aqueous solutions. Aerosol particles have been estimated to spend 85% of their respective life
cycles under non-cloud-activated conditions, thus photochemistry will often take place in the
predominantly organic phase.?* Even under cloud-activated conditions, photochemistry in the
organic phase is also important as only a fraction of OA is water soluble.

Previous studies of condensed-phase photochemistry in OA have primarily focused on the
photodegradation of SOA particles generated from terpene ozonolysis.>>’ In this case, mass loss
was observed upon UV irradiation of o-pinene and d-limonene ozonolysis SOA,?-* which was

driven by the direct photolysis of peroxide and carbonyl functionalities as well as secondary



reactions of the resulting free radicals.?®3!13% A few studies have characterized the mass loss and
absorption changes of SOA-containing nitrophenols during UV irradiation.>*3>-37 Additionally,
there have been a few studies observing the optical properties of suspended OA produced from
burning or pyrolysis, and these generally observe an increase in absorption at long wavelengths
with UV irradiation, sometimes followed by photobleaching.®®**’ However, it was difficult to
cleanly separate the effects of gas-phase and condensed-phase photochemistry in these
experiments.

Even less attention has been given to the photolytic aging of biomass burning organic
aerosol (BBOA). Fleming et al. (2020) identified major chromophores in BBOA from the
combustion of several biofuel types and observed the loss of individual chromophores by utilizing
chromatographic separation followed by photodiode array spectrophotometry and high-resolution
mass spectrometry.’! They found that the majority of chromophores were lost after approximately
33 hours of UV irradiation, with the exception of a few photorecalcitrant compounds.?! To the best
of our knowledge, this has been the only study to investigate changes in the optical properties of
BBOA particles induced by photolysis in the organic particle phase. It is still unclear how
photolytic aging impacts the chemical composition and optical properties of OA generated from
biomass combustion. Further, even less is known about the optical properties and photochemical
aging of OA generated by fires at the wildland-urban interface (WUI).

The frequency of fires occurring at the WUI is increasing, indicating that the composition
and properties of the wildfire related OA are dictated not only by burning biomass but also by the
burning of human-engineered materials.*! The WUI is defined as the area where urban
development encroaches upon borders of private and public wildlands.** In 2000, 39% of all
housing units in the continental United States occupied WUI land.** Burke et al. (2021) estimated
that 50 million homes (and counting) are located in WUI areas in the United States.** Climate
change has led to more frequent occurrences of large scale forest wildfires that devastatingly
destroy urban homes and buildings located at the WUI***¢ The effect of urban fire emissions (and
its subsequent change) on Earth’s radiative forcing is unknown. Blomqvist et al. (2007) reported
that wood, particleboard, paper, textiles, polyvinyl chloride (PVC), polyurethane, polyethylene,
polystyrene, acrylonitrile butadiene styrene, tarred roofing, linoleum, and rubber products were
present during building fires in Sweden (1999) that lead to the emissions of volatile organic

compounds (VOCs), polycyclic aromatic hydrocarbons (PAHs), and dioxins.*’ Prominent VOCs



related to the burning of urban buildings, farms, and household materials have been previously
characterized,*’*° however, neither the chemical composition nor the aging of this WUI
particulate matter have been characterized. This study is the first to conduct photolytic aging
experiments using laboratory generated OA representing emissions from WUI fires. Materials
representative of engineered wood, plastics, construction materials, textiles, and furnishings were

selected to cover the major categories of urban materials combusted in WUI fires.

2. EXPERIMENTAL
Flowcharts of experimental procedures can be found in the Supplemental Information in

Scheme S1 and Scheme S2.

2.1 Ten urban materials

Ten samples of flammable urban materials were selected in this study to represent
structural and furnishing components present in urban fires: electrical 12 AWG wire (white PVC
coating), ceiling tile, fabric, electrical 23 AWG wire (purple PVC coating), lumber, drywall,
fiberboard, vinyl flooring, plywood, and industrial carpet. More specific details on the materials
can be found in Table S1. The 12 AWG wire (white PVC coating) and 23 AWG wire (purple PVC
coating) will be referred to as “thick PVC wire” and “thin PVC wire”, respectively. All urban
materials melt or thermally degrade at temperatures less than that used in our pyrolysis

experiments (600 °C).

2.2 Organic aerosol (OA) generation

Experiments were conducted similarly to our previous work on biomass pyrolysis.*
Pyrolysis is the thermal decomposition of biomass under oxygen limited conditions with
temperatures between 300-800 °C.%! Fires often transition between smoldering (450-700 °C) and
flaming (1500-1800 °C) combustion with their genesis process being pyrolysis.>? Therefore, 600
°C is suitable to mimic real pyrolysis combustion. For each pyrolysis experiment, approximately
200 mg of one tested flammable material (Table S1) was placed in a ceramic pyrolysis boat and
then inserted into a 2.1 cm L.D. / 2.5 cm O.D. fused silica tube, upstream from the Thermolyne
F21135 Tube Furnace (Scheme S1b). The tube was sealed and continuously purged with N> gas
(~0.7 standard liters per minute). A 40 cm section of the tube, downstream from the pyrolysis boat,

was heated to 600 °C, and once at this temperature, the tube was pushed inside to bring the urban



material into the heated zone to start the pyrolysis. The starting pressure was ~760 Torr and did
not exceed 770 Torr during the experiment. A flow of N> gas was constant during pyrolysis and
was utilized to push the generated aerosol and fumes through the fused silica tube for collection.
The setup was not reopened until collection had ceased. OA sample from each urban material was
collected for 10 min starting from the moment the smoke appeared in the flow (Figure S1).
Samples of tested carpet material were also pyrolyzed at 800 °C and 1000 °C to explore the effects
of higher pyrolysis temperatures (Figure S2). Pyrolysis experiments at 600 °C produced urban

OA that favored BrC production, and all subsequent experiments were done at this temperature.

Samples were collected on two different substrates approximately 1 m downstream from
the heated zone, at which point the flow cooled to 42 °C. For most experiments, the collection was
done on PTFE 47 mm Teflon filters, which are stable at temperatures less than 350 °C (Millipore
Sigma, Fluoropore Membrane Filter, FGLP04700, 47 mm, 0.22 um pore size) (Figure S1). A
subset of samples were collected on optical windows (ISP Optics, Fused Silica IR Grade Windows,
QI-W-12-1, 12.7 mm diameter, I mm thick) using a single-stage electrostatic precipitator (ESP)
(TSI 3089 Nanometer Aerosol Sampler, -5 kV) equipped with a Kr-85 neutralizer (TSI Model
3077 Aerosol Neutralizer). Samples (both Teflon filters and fused silica windows) were weighed
after collection using a Sartorius MES-F microbalance (= 1 pg precision) and the OA mass was
calculated. For the samples collected on Teflon filters, the emission factors (EF), defined as the
mass of OA collected per urban material mass used in pyrolysis (g kg™!), were calculated from the

measured mass collected, assuming that the filters had 100% collection efficiency.

2.3 UV-visible spectroscopy measurements and effects of solvents

After collection, Teflon filters were cut into four equal pieces and each quarter was
extracted, separately in 10 mL, using four different solvents: “orgmix™ (acetonitrile,
dichloromethane, hexane 2:2:1 by volume), methanol, water, and n-octanol. A 2 mL aliquot of
each OA extract was transferred into a 1 cm fused silica cuvette and a dual-beam
spectrophotometer (Shimadzu UV-2450) was used to take UV/Vis absorption spectra, with the
corresponding solvent used as a reference. The best-suited extraction solvent for each OA sample
was the one that gave the highest absorbance of the extracted material (Table S1 and Figure S3).

Wavelength-dependent mass absorption coefficients (MAC), in the units of cm? g, were



calculated from the base-10 absorbance (Aio), the estimated concentration of OA extracted in

solution, Cmass (g cm™), and path length of the cuvette, b (cm) (Equation 1).

solution
MAC (1) = 4”@ x In(10)

b X Cmass

Equation (1)

To minimize the effects of small baseline drifts during the measurement, the calculated
MAC values were corrected by subtracting the average MAC between 680 to 700 nm (the
absorbance in this wavelength range was generally negligible). Absorption Angstrdom Exponents
(AAE) were calculated from the slopes of the linear fits applied to the log-log plot of MAC (A)

values between 280-480 nm.

2.4 Photolysis experiments

On-filter photolysis experiments were performed as described previously.?” Briefly,
samples were irradiated with near-UV radiation from a Xenon arc lamp (Newport Model 66902)
with UVC and visible wavelengths removed using a dichroic mirror, a 295 nm long-pass filter
(Schott WG295), and a UV bandpass filter (Schott BG1), leaving the majority of the radiation
between 280 and 400 nm. A comparison between our lamp spectrum and ambient solar flux is
provided in Figure S4 and Table S2. One hour in our photolysis setup is approximately equivalent
to 0.7 h under the 2 h average Los Angeles solar flux (average taken for 11 AM to 1 PM on
November 9%) as calculated using the “Quick TUV” calculator (Madronich, S. ACOM: Quick
TUV, 2019),>* assuming a photolysis wavelength range of 280 to 400 nm (matching our lamp’s
radiation). This irradiation time (utilizing 2 h average flux) was chosen to match the rooftop
photolysis experiments described below. We note that for photochemical processes that take place
inside the particles, photolysis of particles immobilized on an inert substrate (such as fibers of a
Teflon filter) should give the same products as photolysis of particles suspended in air as long as
particles have access to ambient air. There may be a small enhancement of absorption by particles
on the filter due to multiple scattering by the filter fibers and changes in particle shapes,***> which
is neglected in our estimation of equivalent UV exposure times.

Filter samples were cut into quarters, and each quarter was weighed to estimate the mass
of OA on each quarter (as the OA distribution on the filter was not uniform). For irradiation, one
quarter was placed vertically in the path of the near-UV beam, such that the filter surface was

uncovered and open to laboratory air (photographs of filters before and after irradiation are



provided in Table S3). The quarters not being photolyzed were re-sealed until irradiation. After
photolysis, the filter quarter was extracted with methanol, n-octanol, or orgmix (using the
previously best determined solvent for that urban material) to take a UV-Vis spectrum (Figures
S5, S6, S7). Since the UV-Vis sample preparation for the filter samples was destructive, each time
point required an entire filter quarter and only four time points were taken per filter. The samples
corresponding to 0 h, (unaged), 0.5 h, 1 h, and 2 h of irradiation were chosen as reference time
points. MAC values were then calculated with Equation 1. All MAC calculations were performed
using the mass of the unaged sample, i.e., assuming no evaporation or other mass loss occurred.
Based on previous SOA photolysis experiments, we do expect some mass loss to occur with

photolysis,?*>

so all MAC values reported in this work should be considered as lower limits.

For most samples, the extracted filter quarters exhibited the original white color of the
Teflon filter, suggesting that all the light-absorbing material was extracted. However, residual OA
material was visible on the Teflon filters after photolysis and extraction for three materials: lumber,
fabric, and vinyl flooring (Figure S8). To remedy this, we collected lumber, fabric, and vinyl
flooring OA on fused silica windows to facilitate extraction after photolysis (Scheme S2).
Similarly to the Teflon filter experiments, samples on fused silica windows were photolyzed for
0.5 h, 1 h, and 2 h. Each photolyzed sample was extracted from the window in the previously
determined best solvent, absorption spectra were taken, and spectra from the fused silica window
experiments were compared with those of the Teflon experiments (Figures S9, S10, S11, S12).

Each sample extraction from a fused silica window was destructive, meaning that each time point

required the preparation of a new pyrolysis sample.

2.5 High-resolution mass spectrometry experiments

One sample, namely thin PVC wire OA, was selected for bulk compositional analysis using
high resolution mass spectrometry (HRMS) to identify the chromophore responsible for the
distinct absorption bands in its absorption spectrum. As this was the only material to showcase
distinctive absorption band features, only thin PVC wire OA was examined with HRMS in this
study. Mass spectra were recorded with a Thermo Scientific Vanquish Horizon ultrahigh pressure
liquid chromatograph coupled to a Vanquish Horizon photodiode array spectrophotometer and to
a Q Exactive Plus high-resolution mass spectrometer (UHPLC-PDA-HRMS) using heated
electrospray ionization in the negative mode (Figure S13). More information can be found in

Appendix A of the Supporting Information.



In additional experiments, portions of selected OA filter samples (carpet, vinyl tile, and
fiberboard OA) were loaded individually onto copper pot stubs used in the temperature-
programmed desorption — direct analysis in real time — high resolution mass spectrometry (TPD-
DART-HRMS) experiments®’ using the Q-Exactive™ HF-X Orbitrap mass spectrometer. Mass
spectra were recorded in negative mode, at mass resolving power of m/Am ~ 240,000 @ 200 m/z
and acquisition frequency of 1.5 Hz in the full MS scan mode in the mass range of 100 — 1000 Da
(Figures S14 and S15). HRMS peak lists were inferred from total ion chromatograms recorded in
TPD experiments, integrated over elution times corresponding to selected temperature ranges, and
then were background subtracted using the Xcalibur software. Peak lists were extracted with the
Decon2LS software and processed using Excel macros developed for m/z peak alignment, blank
subtraction, and '*C isotope clustering and filtering.’® The following constraints were applied for
all formula assignments: Ci.40, Hi-100, O1-25, and No.3, mass tolerance of = 2.0 ppm. Further details

of these experiments, associated data interpretation and data processing can be found elsewhere.’’

2.6 Additional photolysis experiments

Carpet, vinyl flooring, and fiberboard OA were selected to evaluate how urban OA
absorption properties change over longer time scales. Following the same procedures described
previously, carpet, vinyl flooring, and fiberboard OA were collected on Teflon filters, cut into four
equal fractions, and aged under the Xenon arc lamp. Subsequent extraction and absorption
measurements were taken (Figure S16). 0 (unaged), 1, 6, and 18 h time points were used for the

long-term photolysis.

Drywall OA was selected to compare photolytic exposure from the laboratory photolysis
setup (described previously) versus exposure from ambient sunlight. The sample was placed
outside on the rooftop of the UC Irvine chemistry building (Rowland Hall) on November 9, 2022
(Figure S4). Spectral flux density calculations (Table S2) concluded that one hour of exposure
under the Xenon arc lamp equated to 0.7 h of sunlight between the hours of greatest solar flux in
Irvine, CA (11 AM to 1 PM) on November 9. Subsequent extraction and absorption

measurements were taken and compared with an unaged drywall OA sample (Figure S17).

3. RESULTS AND DISCUSSION
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3.1 Solubility of tested OA

Ten urban flammable materials (Table S1) were pyrolyzed (under N») in a tube furnace
and resulting OA particles were collected on substrates. Figure S1 shows representative
photographs of resulting filter-collected OA during pyrolysis at 600 °C. The visual appearance of
the collected OA varied amongst materials, ranging from gray to light and dark yellow. In addition,
carpet OA appearance varied with increasing pyrolysis temperature (Figure S2). OA had a brown
color resembling that of biomass burning BrC at 600 °C and transformed to OA resembling
elemental, black carbon at temperatures exceeding 800 °C. Hence, 600 °C was chosen for all
subsequent experiments because samples prepared at > 800 °C could not be efficiently extracted
in organic solvents.

Corresponding EFs (Table S1) ranged from 1 g kg!' (drywall) to 47 g kg' (lumber),
indicating a wide range in the capacity for producing particulate matter from the selected urban
materials. Our EF values are likely underestimated due to particle wall loss in the pyrolysis setup.
The generated smoke moved from the heated zone, through the fused silica and Teflon tubing
before collection on the filter (Scheme S1b), providing plenty of surfaces for the wall loss. Under-
ventilated conditions (i.e., smoldering combustion) tend to produce incomplete combustion with
enhanced particulate matter production.’® Because real fires undergo various stages of flaming
(well-ventilated conditions) and smoldering (under-ventilated) conditions, our EF values cannot
be directly compared with those reported for combustion experiments. With that being said, our
wood-based urban materials (lumber and plywood) are well within reported EF ranges for flaming
and smoldering combustion.*®

Methanol extraction, typically the solvent system of choice, is not as effective in BrC
extraction from BBOA as methanol/dichloromethane (1:1 and 1:2, v/v), tetrahydrofuran, and non-
dimethylformamide.®® Therefore, solvent extractions efficiencies were assessed for all OA
samples. The best extraction solvent was determined by the highest overall MAC values in Figure
S3 and are listed in Table S1. Consistent with prior BBOA extraction studies,®*¢! for all OA
samples tested here, water extracted the least OA, as indicated by lower MAC values compared to
the other solvent systems (Figure S3). The samples had comparable solubility in orgmix,
methanol, and octanol. With the notable exception of the thin PVC wire, the MAC spectra in all
organic solvents had the same shape, suggesting near complete extraction of all material from the

filter.
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3.2 Unaged urban OA absorption spectra characteristics

Because BrC is a complex mixture of individual chromophores, the absorption spectra of
ambient BrC are typically featureless, with the absorption coefficient smoothly increasing from
visible to UV wavelengths.? The absorption coefficient of BrC often scales with wavelength and
a power law, c A *AE where 44E stands for Absorption Angstrédm Exponent. For ambient BrC,
AAE varies from 2 to 11, depending on the OA composition.>>% Figure 1a shows the MAC (})
values of all unaged OA samples extracted in the best-suited solvent. All ten OA absorb strongly
at shorter wavelengths (UV) and have weak absorption over the visible range, characteristic of
BrC.2 Most OA have a slight absorption band at ~250 nm, attributed to a © to * transition of
conjugated/aromatic organic compounds.®*-%*%° The resulting A4E values ranged from 6.0 to 11.6
with the average being 8.8 + 1.3 (value + standard deviation). These values fall within expected

AAE values for BrC previously reported for SOA BrC and BBOA BrC 26263
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Figure 1. Panel (a) shows the wavelength-dependent mass absorption coefficient (MAC) values
recorded after pyrolysis of urban materials and extraction in the best-suited organic solvent (Table
S1). MAC values were calculated assuming 100% extraction efficiency from the Teflon filter.
Boxcar averaging of the MAC data (over a 5 nm range) was utilized to improve signal-to-noise
ratio. Panel (b) shows the AAE values for unaged OA (solid bars) and 2 h aged OA (striped bars).
The effective AAE values were obtained from the linear fits of log(MAC) vs. log()) data in Figure
S5 in the 280-480 nm range.
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3.3 Transformations of OA absorption caused by photolysis

Three distinct color changes of the OA samples were observed: photoenhancement
(samples became visibly darker in color), photobleaching (samples became lighter in color), and
unchanged (no perceptible color change was observed). These qualitative visual observations were
confirmed by the UV-Vis spectroscopy measurements that were taken after extracting OA at each
irradiation time point.

Figure 2 shows the MAC values for two OA samples generated from the pyrolysis of
drywall (Figures 2a and 2b) and thin PVC wire (Figures 2¢ and 2d). The subplots in each panel
show the MAC values integrated over their respective wavelength range (280 to 400 nm for the
near-UV and 400 to 700 nm for the visible range), normalized to their corresponding unaged MAC
values. Both drywall OA and thin PVC wire OA show a similar decrease in the UV range
integrated MAC (Figures 2a and 2¢), but different trends were observed in the visible range. There
was an increase by a factor of 2.75 (relative to the unaged value) for the drywall OA visible
integrated MAC (Figure 2b), whereas thin PVC wire OA experienced a decrease by a factor of
1.21 compared to the unaged sample (Figure 2d). These results confirmed visual observations that
photoenhancement in the absorption coefficient occurred for drywall OA and photobleaching
occurred for thin PVC wire OA (Table S3). Similar to the results in Figure 2, Figure S6 shows
that fiberboard OA exhibited photoenhancement (increase by a factor of 3) and carpet OA
exhibited photobleaching (2 h aged sample was factor of 1.5 lower than unaged sample). In
addition, three other OA samples (thick PVC wire, ceiling tile, and plywood) exhibited
photoenhancement effects in the visible range (increase by factors of 1.8, 1.6, and 1.5, respectively,

compared to the unaged value) upon 2 h of direct photolytic aging (Figure S7).
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Figure 2. Wavelength-dependent MAC values recorded after photolysis on Teflon filters and the
subsequent extractions of drywall OA (a and b) and thin PVC wire OA (c and d). Each quarter of
the filter was aged separately for 0.5 h (red), 1 h (blue), or 2 h (gray) and is compared with the
unaged (0 h) fraction (black). The integrated MAC values (normalized to the unaged value) are
shown as a subplot in each panel, with the UV integrated over 280-400 nm and the visible
integrated over 400-700 nm. Boxcar averaging of the MAC data (over a 5 nm range) was utilized

to improve signal-to-noise ratio.

The UV exposure not only changed the color of the filters but, in some cases, appeared to
affect the solubility of the residual material. Specifically, lumber, fabric, and vinyl flooring OA
could not be fully extracted from the Teflon filters after the irradiation (Figure S8). This
complicated classification of the irradiation effects into categories of photoenhancement or
photobleaching. For example, lumber OA results show a decrease in integrated MAC value by a

factor of 1.02 in the visible range Teflon filter experiments (Figure S9b), but this result
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contradicted the obvious filter darkening observed visually (Table S3). To resolve this issue,
photolysis experiments for these materials were repeated using OA collected on fused silica
windows after passing through an ESP (-5 kV). This collection method allowed for a more
complete extraction of lumber, fabric, and vinyl flooring OA post-photolysis (Scheme S2). While
the Teflon filters collected particles >0.22 um, the collection by ESP favored smaller particle
sizes.®*” To this end, composition of smaller particles may have enhanced the solubility of
photolyzed OA. ESP experiments for lumber OA exhibited an increase in the UV by a factor of 4
and an increase in the visible by a factor of 5.5 (Figure S9c¢ and S9d) indicating that the residual
OA prevented the full representation of light-absorptive properties of the sample after photolytic
aging. Fabric and vinyl flooring OA exhibited no net change (0.9 > ratio (2 h aged to unaged) <
1.1) in both the Teflon and fused silica window experiments (Figures S10 and S11).

Photobleached Unchanged Photoenhanced

6 Lumber
X
5 -
Fiberboard

- 4 Drywall
o}
& Thick PVC
5 3] Wire
= Ceﬂmg
§; Thin PVC Plywood Tile

2 Wire  vinyl  Fabric | /

Carpet Flooring }

0-
Figure 3. Ratios of the 2 h aged to unaged integrated, visible range MAC values. The reported
ratios were calculated by integrating the MAC values in the visible range (400-700 nm) then
referencing the 2 h aged, integrated MAC value to that of the unaged, integrated MAC value. The
shading color corresponds to classification of OA into three categories: photobleached (red),
unchanged (white) and photoenhanced (blue). The dashed line (0.9 to 1.1) indicates the threshold
for the unchanged category.
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Figure 3 presents the ratios of 2 h aged to unaged MAC values integrated over the visible
range for all 10 urban materials. As mentioned above, three types of trends were observed over the
2 h aging time: photobleached, unchanged, and photoenhanced. In addition to these results in the
visible range, Figure S12 shows that all but one OA sample (lumber) decreased in UV range MAC
values after 2 h of photo-aging, as indicated by ratio greater than 1.1. Carpet OA and thin PVC
wire OA (red region in Figure 3) photobleached upon UV exposure, indicating chromophore
fragmentation occurred more efficiently than chromophore formation. Similar results were
observed by Ye et al. (2019) as they studied the aqueous-phase photochemical oxidation of a model
BBOA compound, 4-ethylphenol.® They observed degradation and fragmentation upon initial

exposure to hydroxyl radical oxidation under UV light.%®

Since we conducted photolytic aging
experiments without intentionally added OH radical sources, we hypothesize that the observed
photobleaching effects were a result of UV light induced OH radical production, leading to the
degradation of chromophoric species in carpet OA and thin PVC wire OA.

Six urban materials (blue region in Figure 3) exhibited photoenhancement. We hypothesize
that photochemically-driven formation of stronger chromophores occurred by free radical (OH).
and triplet-excited state reactions occurring in the OA material. Such reactions have been shown
to lead to the formation of chromophores in aqueous photochemistry,**~72 but they have also been
reported to occur in model OA material.*>*¢ More specifically for model BBOA chromophores,
Hems and Abbatt (2018) observed absorbance enhancement in the visible wavelength range for
nitrocatechol, nitroguaiacol, and dinitrophenol due to the formation of functionalized products
after exposure to a steady state concentration of OH radical.”® These studies proved that OH radical
oxidation of dissolved BBOA compounds can lead to functionalized and oligomerized products
with enhanced absorption in visible wavelengths.

Fabric OA and vinyl flooring OA MAC values (white region in Figure 3) exhibited ratios
greater than 0.9 but less than 1.1 when 2 h aged measurements were referenced to the unaged
(Figure S10 and S11, respectively). Noticeably for these two materials, photoenhancement
occurred in the first hour of aging then photodegradation occurred between 1 and 2 h of aging,
thus returning the MAC back to the initial unaged value. Previous studies investigating BrC
photolytic aging have observed similar trends. Secondary BrC has been observed to rapidly
photobleach,”* whereas primary BrC from biomass burning has been observed to undergo both

photoenhancement and photobleaching during the course of UV exposure, with initial
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photoenhancement followed by photobleaching.?***3° Aqueous-phase UV/OH radical exposure
studies showed that product formation occurred during oxidation of organic compounds and initial
increases in absorption are attributed to functionalization of chromophores.'®?>7* Over time, loss
of absorption occurs when further reactivity leads to fragmentation.!®*>”>7> We observe this
“dynamic” nature in the fabric OA and vinyl flooring OA cases. Further mass spectrometry

analysis (at each irradiation time point) is necessary to determine the mechanism(s) of evolution.
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Figure 4. Urban OA BrC optical properties mapped in AAE-logiovs. MACy9s space following the
classification introduced by Saleh (2020) and further adapted by Hettiyadura et al. (2021).6%7
Boxed areas represent very weakly (VW), weakly (W), moderately (M), and strongly (S) absorbing
BrC classes. The markers correspond to the values of A4F calculated for a wavelength range of
280-480 nm for unaged urban OA (black markers) and the 2 h aged urban OA (blue markers). The
global average, unaged OA (black open circle) and average, 2 h aged OA (blue open circle) are

shown to illustrate a change upon photolytic aging.

All MAC and AAE values for the OA samples unaged (0 h) and after 2 h of photolysis
(Figure 1 and Figure S5) are incorporated in Figure 4. The MAC495 of unaged OA (black markers)
are compared to OA aged for 2 h (blue markers), placed into the context of the optically based BrC
absorption strength classification introduced by Saleh (2020) and modified by Hettiyadura et al.
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(2021).%76 Note that these MAC values were calculated using the mass of the unaged sample, and
some mass loss is expected with photolysis. Therefore, reported MAC values are likely to be
underestimations of the true MAC values post-photolysis. Upon photolysis, there is a downward
shift in A4FE values from VW — W BrC. These results are similar to those reported in Hettiyadura
et al. (2021) for fresh biomass burning BrC and biomass burning BrC that darkened with NO3
chemistry.”® The average AAE value for all ten urban OA after photolyzing for 2 h reduced from
8.8 £ 1.3 to 7.3 £ 0.9. All materials experienced a reduction in AAE value upon short term aging,
as indicated by striped bars in Figure 1b. As we are examining components commonly combusted
in fires at the WUI, the average AAE shift shown in Figure 4 reflects that WUI OA exhibits an

overall absorption enhancement effect with UV aging.

3.4 Compositional results of unaged and aged OA

Thin PVC wire OA is an anomaly in this data set in two ways. First, the two types of PVC
wire OA (thin and thick) exhibited opposite trends: OA from thin PVC wire (purple)
photobleached, whereas OA from thick PVC wire (white) photoenhanced after UV exposure.
Second, thin PVC wire OA was the only material to exhibit distinct absorption bands, one at 253
nm and a doublet at 290 nm and 300 nm (Figure 1). Through UHPLC-PDA-HRMS analysis
(Figure S13 and Appendix A), we sought to identify the chromophore responsible for these
spectral features. While we could not identify the specific chromophore whose absorption would
match the distinct doublet at 290+300 nm, we were able to identify phthalic acid as a major
contributor to the sample’s overall light absorption. Phthalic acid is used in the production of PVC
plasticizer, polyester resin, and dyes and is a derivative of phthalic anhydride, a common chemical
intermediate in plastic production.”’ Since the thin PVC wire material tested in this study was
purple, it is reasonable to suspect that phthalic acid was added alongside a purple dye into the PVC
coating. It is possible that the photobleaching effect exhibited by thin PVC wire OA is due to
degradation of the phthalic acid chromophore by continued OH radical generation and aging.”
This (and other trends) will need to be systematically explored in future works with mass
spectrometry analysis of all urban OA samples.

To further assess the corresponding changes in chemical composition of OA samples after
direct photolysis, we conducted TPD-DART-HRMS experiments to detect chemical

transformations in three selected OA samples representative of photobleached (carpet),
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photoenhanced (fiberboard) and unchanged (vinyl tile) cases observed in our study (Figure 3).
The reconstructed HRMS plots of all detected organic compounds in both unaged and aged
aerosols are exhibited in Figures S14 and S15. There were 1698/1479 (carpet), 633/379 (vinyl
tile), and 956/988 (fiberboard) compounds detected in each of the unaged/aged pairs of OA
samples, respectively (Figure S14). In each of the pairs, compounds that were affected by the
photolysis experiments were selected based on the following criteria: 1) components unique to
unaged or aged OA samples and 2) components that decreased or increased by >10% in the aged
OA samples. There were 1036/871 (carpet), 470/206 (vinyl tile) and 185/205 (fiberboard)
components that satisfied these criteria. The reconstructed HRMS plots summarizing these
photolysis-affected compounds are shown in Figure S15 and the corresponding DBE (double bond

equivalent) values versus C (number of carbon atoms) plots are shown in Figure 5.
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Figure 5. The double bond equivalent (DBE) values vs number of carbon atoms corresponding to

the OA components affected by the photolysis reactions (i.e., those that exhibited a >10% change

in relative abundance) detected in unaged (left panels) and aged (right panels) OA samples

collected from pyrolysis of carpet (a-b), vinyl tile (c-d), and fiberboard (e-f) samples. Lines

indicate DBE reference values of linear conjugated polyenes CxHx+2 (orange line), cata-condensed

PAHs (brown line), and fullerene-like hydrocarbons with DBE = 0.9 x C (black line).’® Data points

inside the orange shaded area are potential BrC chromophores. Sizes of the individual points are

arbitrarily scaled to the cubic root of the corresponding MS peaks intensities. Occasional
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datapoints located above the 0.9xC limiting line correspond to highly aromatic N-containing

species.

Because efficient absorption of visible light by organic molecules requires uninterrupted
conjugation of m-bonds across significant parts of their carbon skeleton, compounds with DBE/C
ratio greater than that of polyenes are potential BrC chromophores,”® which are located in the plots
within shaded areas (Figure 5). Qualitative assessment of the BrC chromophore transformations
after photolysis can be inferred from visual comparison of Figure 5 and S15 featuring differences
between aged and unaged OA samples. Aged carpet, vinyl flooring, and fiberboard peaks changed
by 59 %, 54 %, and 21 %, respectively, compared to the unaged peaks. For the photobleached OA
sample (carpet), both the number and intensity of BrC chromophores decreased significantly after
photolysis, which is consistent with the observed and commonly expected photobleaching effect.
However, more complex compositional changes are observed for the photoenhanced (fiberboard)
and unchanged (vinyl tile) OA samples. In both cases, there are relatively small C¢9 BrC
compounds with high intensity present in unaged samples, which largely disappear from the aged
samples. On the other hand, formation of highly aromatic BrC chromophores of larger Ciz-13
molecular sizes is clearly observed in the corresponding aged samples. This trend can be plausibly
explained by the photochemically induced oligomerization reactions that consume C¢.9 monomers
and form Ci».18 dimer BrC products with stronger absorption properties. In both cases (fiberboard
and vinyl tile OA), the overall transformation of the BrC light absorption by the aged OA samples
is a combined effect of the degradation of small chromophores and the buildup of the larger
chromophores. Depending on the chromophore-specific light absorbing properties, the integrated
BrC absorbance of the decayed and the newly formed chromophores may show either null (vinyl
tile OA) or photoenhanced (fiberboard OA) effects. These observations demonstrate that urban
material BrC pyrolysis products undergo complex reaction chemistry which modifies composition
of various BrC chromophores but, simultaneously, their integrated optical properties show no

detectable change.

3.5 Additional direct photolysis experiments
Considering the lifetime of an aerosol in the lower atmosphere is not limited to a few hours,
we performed additional experiments at longer time scales to see if the trends observed over our 2

h period would continue over longer times. To this end, one OA from each result category

21



(photobleached, unchanged, and photoenhanced) was photolyzed for up to 18 hours (Figure S16).
For our photobleaching material (carpet) and our unchanged material (vinyl flooring) the trends
over the 18 h time scale matched those in the 2 h time scale. The visible region of the carpet OA
continued to photobleach between 1 and 6 h of irradiation but the visible region of the vinyl
flooring OA exhibited negligible change over the 18 h of photolysis. For both OA, the most change
happened in the first 6 hours of irradiation, producing products that were no longer
photochemically active.

In the case of the fiberboard OA (Figure S16e and S16f), which photoenhanced during
short-term irradiation, photobleaching was observed over longer time scales. It appears that this
type of OA first increases in visible absorbance and then ultimately bleaches with continued
photolysis. This trend mirrors work done on heterogeneous OH oxidation of particulate BrC,*
aqueous phase photo-oxidation of biomass burning BrC,'®* and photolysis of aqueous biomass
burning BrC.'>!% In the case of primary BrC generated from smoldering pine wood, heterogeneous
OH oxidation resulted in absorption enhancement over the first 2.5 h (followed by
photobleaching),’® which is similar to the timeframe observed here. Once again, chromophore
build up may be attributed to increased oxidation through OH reactions or oligomerization through
either OH or triplet excited state reactions.>®! Future work will implement mass spectrometry to
identify whether the optical changes seen in this work are attributed to OH functionalization
reactions or oligomerization processes.

The experiments described above relied on the filtered Xe-lamp source for driving
photochemistry in the OA material. To demonstrate that actual sunlight produces similar results,
we selected drywall OA, a material that exhibited significant change with photolysis, and exposed
a portion of the filter to direct sunlight and another portion to flux from our photolysis set-up
(Figure S17). As 1 h under our lamp was estimated to be equivalent to 0.7 h in direct sunlight, the
filter portion was exposed to the lamp for 2 h and the other portion was exposed to outside sunlight
for 1.4 h. Integration of the UV portion of the MAC (280 to 400 nm) shows that the two filter
portions exhibited similar degrees of change, within 5 % (Figure S17).

4. CONCLUSIONS AND FUTURE WORK

This work explored the optical properties of OA produced from the smoldering pyrolysis

of flammable urban materials and their transformations during exposure to solar UV radiation.
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Atmospheric aging of OA (via direct photolysis) altered the optical properties of this BrC by 1)
decomposing BrC chromophores (photobleaching) or 2) producing stronger chromophores from
photooxidation of smaller molecules (photoenhancement).!>?223 Plywood, ceiling tile, thick PVC
coated wire, drywall, fiberboard, and lumber OA samples exhibited photoenhancement effects,
whereas carpet and thin PVC coated wire OA exhibited photobleaching effects with exposure to
UV light. Vinyl flooring and fabric OA remained unchanged after photolytic aging. We have
observed that, on average, OA from the WUI exhibits increased absorption after the UV exposure.
This means that BrC from WUI fires may have stronger effect on visibility and radiative forcing
as it undergoes aging in the atmosphere.

Previous work investigated the photolysis of BBOA between 0 to 16 h of irradiation and
determined that photobleaching is slow due to competing aging mechanisms by heterogeneous OH
oxidation.?! Photolytic aging of BrC from BBOA has also been seen to have significant OH
concentrations in OA extracts when no additional OH source was added.'® In the present study,
we observed significant absorption enhancement of OA from the WUI over the first few hours of
photolysis, indirectly suggesting that OH (and likely other free radicals) are produced in the
organic phase of the particles during irradiation. To understand the chemical changes responsible
for our optical observations, identification and structural characterization of WUI BrC
chromophores (before and after photolysis) are needed to determine the mechanism in which this

OA transforms and identify if it evolves similarly to BrC from BBOA.
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