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ABSTRACT: Fires at the wildland−urban interface (WUI) are increasing in magnitude and frequency, emitting organic aerosol
(OA) with unknown composition and atmospheric impacts. In this study, we investigated the chemical composition of OA produced
through the 600 °C pyrolysis of ten urban materials in nitrogen, which were subsequently aged under UV light for 2 h. The analysis
utilized ultrahigh-performance liquid chromatography (UHPLC) separation, coupled with a photodiode array (PDA) detector and a
high-resolution mass spectrometer (HRMS) for molecular characterization. Hierarchical clustering analysis demonstrated that
lumber-derived OA was the most diverse and distinct in composition. Unaged and aged OA (for each urban material) did not
significantly differ in chemical identities. Potential aromatic brown carbon (BrC) chromophores (based on their degree of
unsaturation) constituted 13−42% of all assigned compounds. PDA chromatograms revealed multiple BrC chromophoric species
that were either enhanced or degraded as a result of UV aging, providing insights into specific BrC chromophores responsible for
photobleaching and photoenhancement of the overall absorption coefficient. Thirty-six BrC chromophores were identified across the
ten OA types, and their structures were confirmed using reference standards. Components of plasticizers and resins, such as phthalic
and terephthalic acids, were structurally confirmed in the samples. We present potential species for WUI fires as components of
resins, epoxies, dyes, and adhesives commonly used in manufacturing urban materials. Photolysis did not significantly impact the
chemical composition of OA emitted from the burning of specific WUI materials.
KEYWORDS: pyrolysis, construction materials, organic aerosol, brown carbon, chromophores, UV aging,
high-resolution mass spectrometry, wildland−urban interface

■ INTRODUCTION
The wildland-urban interface, or WUI, is defined as the area
where structures and other human developments meet or
intermingle with wildland vegetation.1,2 In 2010, the US Forest
Service estimated that 43.4 million new homes were in WUI
communities, making WUI areas the fastest-growing land use
type in the contiguous US.3 The increasing frequency of large-
scale forest fires raises the risk of fire encroachment into the
WUI.4,5 These devastating events can begin with wildfire
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flames directly passing into urban spaces or with embers
spreading to urban structures, initiating smoldering combus-
tion that can ultimately develop into flaming combustion.6−9

The burning of engineered construction materials can lead to
atmospheric emissions not typically found in wildland fires and
are poorly characterized. As global models routinely under-
predict the formation, mass loadings, and temporal trends of
anthropogenic organic aerosol (OA), insights into the chemical
composition and atmospheric transformations of particulate
matter (PM) emitted from WUI fires can help reduce these
uncertainties.10,11

The fuels primarily burned in WUI fires are those used in
and around residential homes, commercial buildings, and other
relevant structures. A typical residential house in the United
States is constructed, on average, from ∼97% wood and ∼2%
asphalt shingles (by weight), whereas its interior contents
range from ∼40−90% wood, ∼12−26% plastic, and ∼0−20%
fabric.1 Common building materials include insulation (made
from polyurethane, polyisocyanurate, glass wool, and phenolic
foams), vinyl siding, polyvinyl chloride (PVC) windows,
upholstery on furniture, vinyl and polyamide carpets, electrical
wiring insulation (typically PVC), acrylic clothing, and
furniture.12−14 Although these materials are vastly different
from biomass, they undergo similar thermal decomposition
stages, emitting both PM and volatile organic compounds
(VOCs).12 During the combustion of traditional wooden
materials, polycyclic aromatic hydrocarbons (PAHs) and their
derivatives can be emitted, which contribute to light absorption
by aerosol particles, thus impacting air quality and climate.15,16

Chemically treated wooden materials are common in WUI
spaces, but their combustion emission characteristics are
unknown. The combustion of PVC and other plastics is
known to emit halogenated organics, such as polychlorinated
dibenzodioxins and polychlorinated dibenzofurans, which are
toxic.17,18 Emissions of halogenated organics lead to significant
increases in atmospheric concentrations of chlorine and
hydroxyl radicals (Cl• and •OH, respectively). Attention has
been drawn to plastic burning, as halogen-containing aerosols
can have climate implications; however, organic emissions
from these materials have been understudied, and their impacts
remain unclear.1,19 Additionally, in terms of human health,
WUI fires pose a great risk to PM and VOC exposure because
of their proximity to residential communities and first
responders at the scene.

Studies have examined the emissions, transportation, and
aging processes of OA produced during the combustion of
biomass fuels in regions such as Western North America,
Siberia, Amazonia, and Central Africa.20−28 The pyrolysis of
biomass, which contains biopolymers like lignin, cellulose, and
hemicellulose, is well understood to produce phenolic
compounds (such as catechol, guaiacol, and coniferaldehyde),
organic acids (like benzoic acid and salicylic acid), furans,
coumarins, flavonoids, and stilbenes. Some of these com-
pounds are light-absorbing, leading to a classification of
pyrolysis OA as brown carbon (BrC).29−32 Nitrogen-
containing aromatic compounds (NACs), specifically nitro-
phenols (such as 4-nitrocatechol and 2,4-dinitrophenol)
strongly absorb UV and visible radiation and are common
BrC chromophores in biomass burning organic aerosol
(BBOA).33−42

BrC compounds are known to undergo photochemical
transformations during atmospheric transport, exhibiting both
photoenhancement and photobleaching behaviors.35,36,43−45

Certain physicochemical properties, such as molecular weight,
structural composition, volatility, and oxidation state, have
been shown to correlate with BrC absorption characteristics
and stability with respect to UV exposure.30,46−48 For example,
Di Lorenzo et al. examined BBOA field samples and found that
higher molecular weight chromophores (>500 Da) exhibited
the majority of absorption, while smaller molecular weight
fractions were more susceptible to photobleaching degrada-
tion.49 Calderon-Arrieta et al. examined the change in BrC
bulk absorption as a function of thermal evaporation of volatile
components.50 Upon evaporation, samples darkened, and
molecular characterization demonstrated that small, oxy-
genated, less-absorbing monoaromatic compounds were
depleted, whereas large and less polar substituents remained.50

Neither the physiochemical properties nor the molecular
evolution as a function of UV exposure are well understood for
OA produced through the combustion of urban construction
materials, thus prompting this pilot study.1

Previously, we found that OA from pyrolyzed urban
materials exhibited distinct optical absorption properties,
each responding differently to photolytic aging.51 Of the ten
different types of investigated OA, two photobleached, two
remained unchanged, and six underwent photoenhancement
after 2 h of UV exposure.51 The goal of this study is to
investigate the molecular composition of OA in both unaged
and photochemically aged samples from Hopstock et al.51

Additionally, our goal is to identify both common and unique
BrC chromophores responsible for absorption in each
pyrolyzed urban material and to propose potential compounds
characteristic of emissions from the WUI. Our approach relies
on ultrahigh-performance liquid chromatography (UHPLC)
separation, coupled with a photodiode array (PDA) detector
and a high-resolution mass spectrometer (HRMS) for
molecular characterization. This investigation provides molec-
ular insights into the light absorption properties of PM
emissions from WUI fires and, for the first time, explains how
OA molecular composition transforms during atmospherically
relevant photolytic exposure.

■ METHODS
Ten urban materials in Hopstock et al. were selected to
represent common structural and furnishing components
burned in WUI fires.51 These include carpet, electrical 23
AWG wire (with purple PVC coating, referred to as “thin PVC
wire”), vinyl flooring, synthetic fabric, plywood, ceiling tile,
electrical 12 AWG wire (with white PVC coating, referred to as
“thick PVC wire”), drywall, fiberboard, and lumber. As
described in Hopstock et al.51 and in SI Appendix A, the
urban materials were pyrolyzed in a tube furnace at 600 °C
under a flow of dry N2. All OA samples analyzed in the present
study were also the subject of the optical classification paper by
Hopstock et al.51 Samples that underwent 2 h of photolysis will
be referred to as “aged” from here on out. SI Appendix A
provides details on the generation of OA, UHPLC-PDA-
HRMS sample preparation, and HRMS analysis.
BrC Standards. A one hundred component BrC standard

mixture was obtained from North Carolina A&T State
University and the University of North Carolina, Chapel
Hill, and was used to verify BrC structural assignments in the
OA UHPLC-PDA-HRMS results. This standard mixture was
described in detail by Moschos et al.27 Briefly, CHO and
CHON species were selected for the mixture as they are
known to be BrC species emitted during biomass burning
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events. The individual BrC components were initially dissolved
in methanol and diluted with water (Optima LC/MS grade,
Fisher Chemical) before UHPLC-PDA-HRMS analysis. The
final concentration of the combined 100 species solution was
0.3 mg mL−1. The injection volume, LC gradient, ionization
parameters, and MS settings were the same as for the OA
samples described SI Appendix A. The standard mixture was
run with ESI in both ionization modes. Consistent with the
report by Moschos et al., our results exhibited distinct
retention times for structural isomers due to polarity
differences.27

Compound Discover and mzVault Library Integra-
tion. Compound Discover 3.3.200 SP3 (Thermo Fisher
Scientific Inc.) relied on both custom-built and online libraries
for processing and interpretation of unknown data. The
prebuilt workflow template, “Environmental w Stats Unknown
ID w Online and Local Database Searches” was modified to
suit the needs of our study. A customized mzVault 2.0
(Thermo Fisher Scientific Inc.) library was manually created
by uploading MS2 spectra (recorded specifically for this study)
for each observable compound in the mixture of BrC
standards. This library was imported into Compound Discover
using the “Search mzVault” node. When cross referencing each
OA sample with the mzVault library, Compound Discover was
set to use the following parameters: match ion activation type,
match ion activation energy, precursor mass tolerance of 5
ppm, and retention time tolerance of 0.2 min to accommodate
drifts in LC retention time among samples and BrC standard
runs. Table S1 displays the BrC standard species identified
with our analytical platform, along with the OA sample in each
BrC species identified. Species identified in this manner will be
referred to as structurally identif ied species from here on out.

To provide more insight into these OA samples, Compound
Discover was set to search mzCloud (mass spectral
fragmentation library) and then correlate results with mzLogic.
This data analysis algorithm helped fill in the gaps by providing
possible candidates for unknown species when a species was

not identified with the customized mzVault library. Addition-
ally, the workflow allowed a search of the ChemSpider
database to find more potential compound identities. Species
identified in this manner, with proposed molecular structures,
will be referred to as tentatively assigned species from here on
out (Table S2). Compound Discover’s statistical tools were
also deployed in our analysis.

■ RESULTS AND DISCUSSION
Overall Characteristics of Urban Material OA. Figure 1

presents the total ion chromatograms (TICs) for all OAs
collected in the positive (red traces) and negative (blue traces)
ionization modes. A few large peaks stood out in the TICs, for
example: the C6H11ON peak (6.76 min) present in ESI(+) for
all urban material OA (except lumber); the C8H6O4 peak (7.80
min) largely present in ESI(±) for thin PVC wire OA; the
C8H6O4 peak (8.64 min) in ESI(−) for vinyl flooring OA,
identified as terephthalic acid; the C24H44O4N4 peak (10.16
min) in ESI(+) for all OA except carpet and lumber; the
C18H33O3N3 peak (11.29 min) in ESI(+) for all OA except
carpet, fiberboard, and lumber, and the C11H12O4 peak (12.90
min) in ESI (±) for thin PVC wire, ceiling tile, and lumber
OA. Several smaller peaks were also present in chromatograms,
often merging into unresolved “lumps” of peaks. As the
positive ion mode TIC intensities were greater than those in
the negative mode, Figures S1 and S2 present the chromato-
grams separately. The complexity of the TICs, especially
evident in Figure S2, necessitated the use of peak
deconvolution software (MZmine and Compound Discover)
to explore features in greater depth.

As the TICs were comprised of many peaks, including
isomeric species with coelution, we started with a broad
comparison of OA using the Compound Discover software.
This tool allowed us to perform statistical comparisons as
shown in the ESI(+) hierarchical clustering in Figure 2 and
ESI(±) principal component analyses (PCA) in Figure S3.

Figure 1. UHPLC-ESI total ion chromatograms collected in the positive (red) and negative (blue) ionization modes for the ten unaged OA samples
(panels a−j). Repeated peaks are indicated by dashed lines and labeled with the major ion’s assigned neutral molecular formula.

ACS ES&T Air pubs.acs.org/estair Article

https://doi.org/10.1021/acsestair.4c00215
ACS EST Air 2024, 1, 1495−1506

1497

https://pubs.acs.org/doi/suppl/10.1021/acsestair.4c00215/suppl_file/ea4c00215_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsestair.4c00215/suppl_file/ea4c00215_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsestair.4c00215/suppl_file/ea4c00215_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsestair.4c00215/suppl_file/ea4c00215_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsestair.4c00215/suppl_file/ea4c00215_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsestair.4c00215/suppl_file/ea4c00215_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsestair.4c00215?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestair.4c00215?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestair.4c00215?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestair.4c00215?fig=fig1&ref=pdf
pubs.acs.org/estair?ref=pdf
https://doi.org/10.1021/acsestair.4c00215?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Each horizontal line in Figure 2 represents a compound
detected by the software in at least one of the OA samples,
with darker purple colors indicating the highest normalized
intensity across all 20 sample/ionization mode combinations.
Lumber OA (both unaged and aged) exhibited the greatest
number of peaks, which were clustered together furthest away
from other OA types. This clustering behavior of lumber OA
was also evident in the PCA plots for both ionization modes in
Figure S3, indicating that this sample type was the most
statistically distinct from the other urban materials. Although
lumber and plywood were the two OA types expected to
resemble BBOA and each other most closely, they showed
minor correlations. This suggests that wooden materials at the
WUI may produce OA that is more influenced by synthetic
additives rather than traditional biomass/wooden components.
OA from more synthetic materials (ceiling tile, thin PVC wire,
and vinyl flooring) showed the fewest peaks but resembled
each other in their convolution patterns. Overall, Figure 2 and
Figure S3 suggested that the unaged and aged OA (for each
urban material) were not significantly different in chemical
identities. However, when comparing OA types, there was little
overlap in chemical identities across the rows in Figure 2. As
shown in both panels of Figure S3, unaged and aged OA were
most similar for fiberboard, thick PVC wire, thin PVC wire,
and vinyl flooring.

Effects of UV Aging on Light Absorbing Species.
UHPLC-PDA chromatograms showcased the photobleaching
and photoenhancement classifications previously made for
these OA samples.51 In Figure 3 (panels a and b), carpet OA
exhibited a reduction in absorbance after UV aging for benzoic
acid (C7H6O2, the most intense chromophore in the near-UV
range), C12H22ON2 (13.3 min), and C16H22O4, C16H31ON,
C18H33ON, and C16H33ON (20−24 min). However, fiber-
board OA (Figure 3c,d) exhibited the opposite trend. Though
major confirmed species (catechol and terephthalic acid)
decreased in maximum absorbance, the relative intensity of
overall absorbance of all peaks throughout the run increased
from 20% (Figure 3c) to 40−80% (Figure 3d) after UV aging.
2D UHPLC-PDA chromatograms exhibiting photobleaching
and photoenhancement (for thin PVC wire OA and lumber
OA, respectively) are included in Figure S4. For thin PVC wire
OA, the two largest UHPLC-PDA features, attributed to
phthalic acid and its structural isomer, exhibited a reduction in
absorbance between 300 and 400 nm after photolytic aging
(red dashed line, Figure S4b). On the contrary, absorbance in
the lumber OA (Figure S 4d) sample increased by a factor of 2
between 300 and 400 nm after aging, particularly toward the
end of the LC run when more nonpolar species were eluted.
Both thin PVC wire and lumber OA weakly absorbed light in
the visible wavelength range (Figure S4a,c).

Figure 2. Hierarchical clustering of ESI(+) mass spectral species deconvoluted and identified using Compound Discover 3.3.200 SP3 software
(Thermo Fisher Scientific). Columns represent unaged (blue) and aged (red) OA samples. Rows denote individual compounds (assigned with CH,
CHO, and CHON molecular formulas) and are scaled using unit variance. The total number of rows (or compounds) detected across all 20
samples was 6509. The distance between clusters (top and left) is based on the correlation distance and average linkage for both rows and columns.
The color gradient, ranging from white to purple, represents the abundance of each compound. Standardized matrix values, as determined by the
Compound Discover program, were used to scale the data to ensure that all ions have the same range and importance in the color scale.
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Figure 4 presents similar plots for vinyl flooring OA, which
was previously classified as an OA type that did not exhibit a
net absorbance change greater than 10% in the UV or visible
wavelength ranges after photolytic aging.51 Terephthalic acid,
the main light absorbing species in unaged vinyl flooring OA,
decreased in intensity by a factor of 3 after aging. However,
more nonpolar and nitrogen-containing species, eluting
between 17 and 25 min, increased in relative absorbance
after aging. These transformations, in combination, counter-
acted each other, resulting in the “no change” overall optical
classification. For all cases discussed, the bulk of absorption
occurred at UV wavelengths, with slight increases observed in
the visible wavelength regions upon aging. These observations
are consistent with the absorption measurements reported in
our previous work and the general definition of BrC.30,51

Figure 5 displays double bond equivalent (DBE) as a
function of the number of (C+N) atoms calculated for

assigned CH, CHO, and CHON species in the unaged (blue)
and aged (red) carpet, vinyl flooring, and drywall OA. The
remaining OA types can be found in Figures S5 and S6. DBE
represents the total number of rings and π-bonds within an
assigned species. The shaded region within the dashed
reference lines illustrates the BrC-relevant space, with the
upper bound representing fullerene-like hydrocarbons (DBE =
0.9 × C) and the lower bound representing linear polyenes
CxHx+2 (DBE = 0.5 × C).27,37,52 Organic molecules that
efficiently absorb light tend to have an uninterrupted
conjugation of π-bonds across significant parts of the molecular
structure.37,53 Fullerene-like hydrocarbons exhibit the most
conjugation and potential for light absorption,54 and linear
polyenes can be reasonably strong absorbers in select cases (for
example, retinal has an orange color). Therefore, species with
DBE/(C+N) ratios that fall within the shaded region are
potentially aromatic and can act as BrC chromophores.52,53,55

Figure 3. BrC chromophores present in the carpet and fiberboard OA samples before (a and c) and after UV aging (b and d), respectively. Benzoic
acid, p-coumaric acid, catechol, and terephthalic acid were structurally identified with standards (Table S1). Note that the maximum absorbance
value in the carpet and fiberboard OA panels are different. As classified in Hopstock et al.,51 carpet OA exhibited photobleaching, whereas
fiberboard OA exhibited photoenhancement after UV aging.

ACS ES&T Air pubs.acs.org/estair Article

https://doi.org/10.1021/acsestair.4c00215
ACS EST Air 2024, 1, 1495−1506

1499

https://pubs.acs.org/doi/suppl/10.1021/acsestair.4c00215/suppl_file/ea4c00215_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsestair.4c00215?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestair.4c00215?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestair.4c00215?fig=fig3&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acsestair.4c00215/suppl_file/ea4c00215_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsestair.4c00215?fig=fig3&ref=pdf
pubs.acs.org/estair?ref=pdf
https://doi.org/10.1021/acsestair.4c00215?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Figures 5, S5, and S6 demonstrated the presence of BrC
compounds in all ten OA types with DBE/(C+N) ratios

greater than the linear polyenes limit. Across all OA samples,
between 13 and 42% of all assigned compounds (by number)

Figure 4. BrC chromophores present in the vinyl flooring OA sample before (a) and after UV aging (b). Terephthalic acid was verified with an
internal standard (Table S1). As classified in Hopstock et al.,51 vinyl flooring OA exhibited no net change in the overall absorbance after aging.

Figure 5. Plot of double bond equivalent (DBE) versus the number of carbon and nitrogen (C+N) atoms for assigned OA species in unaged and
aged carpet (a and b), vinyl flooring (c and d), and drywall (e and f) OA. The size of each symbol is arbitrarily scaled to the cubic root of the
corresponding MS peak intensity in order to display both stronger and weaker peaks. Reference lines indicate DBE/(C+N) values corresponding to
fullerene-like hydrocarbons (0.9 × C limit) and linear polyenes (0.5 × C limit).37,52 Yellow circles represent the percentage of data points (by
number) that fall within the dashed lines and orange shaded region, thus predicted to be potential BrC chromophores. The total number of points
is provided in each panel. The presented data come from both the positive and negative ionization modes. For all formulas, the number of nitrogen
atoms (N ≤ 6) is much smaller than the number of the carbon atoms.
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were potential aromatic BrC chromophores. All cases exhibited
a sizable fraction of compounds beneath the linear polyenes
reference line, which were not likely to be chromophoric
species.

Upon photolysis, the percentage of potential chromophores
remained largely unchanged (≤5% variation) for all OA except
for vinyl flooring (Figure 5c,d) and fiberboard (Figure S6e,f),
which exhibited reductions of 15% and 10% in the number of
chromophores with aging, respectively. Although there were
minor changes in the number of detected chromophores, there
were more substantial changes in the relative intensities of
individual BrC chromophores, which may be responsible for
the previously observed photobleaching and photoenhance-
ment behaviors. Specifically, carpet OA, a material that
photobleached, displayed fewer intense peaks (smaller
markers) in the aged OA (Figure 5b) compared to the unaged
sample (Figure 5a). Both photobleached samples of carpet and
thin PVC wire OA (Figure 5a,b and Figure S6a,b) showed a
reduction in aromaticity after aging, as peak grouping and
higher intensity peaks (larger markers) fell below the linear
polyenes line. Aged vinyl flooring OA (Figure 5d) exhibited an
overall reduction in the number of BrC chromophores, but
there was a relative increase by a factor of 1.3 in the intensity of
a C8H6O4 BrC chromophore (DBE= 6, C+N = 8). Drywall
OA, which photoenhanced after aging, not only had a 4%
increase in the total number of BrC chromophores, but also
displayed growth in individual chromophores (Figure 5e,f).
Specifically, a C8H8O3 BrC chromophore (DBE= 5, C+N= 8)
increased in relative intensity by a factor of 1.5 after aging and
may be the source of the photoenhancement observed in this
sample. Previous literature reports that strongly absorbing BrC
substituents represent a minority fraction (typically <1%) of
ambient BBOA mass, and even minor changes in these minor
species can have a disproportionate effect on the bulk BrC
absorption.56 The same principle applies to the OA samples
studied here. In summary, although the number of detected
compounds that fell within the BrC wedge remained steady,
the changes in peak abundances did correlate with previous
optical observations.
Structurally Identified BrC Species in OA. Structural

validation of BrC chromophores in ambient samples has been a
focus of many studies, as combustion mixtures possess a wide
variety of compound classes and strucutres.25,29,34,57,59,67 Jen et
al. reported that over 3000 different compounds were detected
in PM from wildfires, and they were successful in identifying
about half of these compounds.58 As UHPLC-PDA-HRMS
analysis targeting BrC species has not been conducted for PM
from the WUI, we relied upon BrC standards prepared and
characterized by Moschos et al.27 and applied them to our OA
data set. A list of all 100 standard compounds can be found in
Moschos et al.27 All OA HRMS files were input into the
Compound Discover program and cross-referenced with the
BrC standard compounds within the internally constructed
mzVault library. Each ionization mode was processed
separately. Matches were determined based on retention
times and MS2 spectra. Table S1 lists the 36 BrC species
present in the analyzed OA that were positively identified with
the standards, and Figure S7 presents their extracted ion
chromatograms (EICs), labeled with numbers corresponding
to the table.27 We will discuss a few of the structurally
identified species below as they apply to the urban materials
chosen for this study. It is interesting to note that many of the

same organic BrC species found in BBOA were also found in
the OA samples of this study.

Salicylic acid (C7H6O3, m/z 137.0240 (−)) was the only
BrC standard compound to appear in all ten OA samples. It is
commonly recognized as an atmospheric tracer for biomass
burning (e.g., deciduous trees and woody biomass) and, now
for the first time, has been observed in PM from combusted
urban materials.59−61 Other organic acids (phthalic acid,
vanillic acid, homovanillic acid, caffeic acid, terephthalic acid,
p-coumaric acid, sinapinic acid, benzoic acid, and trans-
cinnamic acid) were observed in at least three of the OA
samples. PAH-like species, including 2,7-dihydroxynaphtha-
lene, psoralen, xanthone, and 9-fluorenone were detected in
various OAs through ionization in the positive mode. Plywood
and lumber OA exclusively shared six confirmed BrC species
(pyrogallol, 5-hydroxymethylfurfural, coniferaldehyde, 4-meth-
ylumbelliferone, 2,4-dinitrophenol, and 7-hydroxy-3,4,8-trime-
thylcoumarin), which are known to be biomass-derived
compounds produced from the dehydration of glucose sugars
(within biomass) and the thermal decomposition of
lignin.29,62−66 As plywood and lumber were the urban building
materials that most resembled biomass, the crossover between
literature on BBOA chromophores and those presented herein
was not surprising for these two OA samples.

Phthalic acid (C8H6O4, m/z 167.0335 (+) and 165.0189
(−)) was observed in all OA samples except drywall and
fiberboard. It was the main UV chromophore in the thin PVC
wire OA sample51 and could perhaps be a potential tracer
species for WUI fires. Phthalic acid may have been produced
from di(2-ethylhexyl)phthalate (DEHP),67 which is widely
used as a plasticizer in PVC plastics,68 building and furniture
materials (including furniture upholstery, mattresses, wall
coverings, floor tiles, and vinyl flooring),69 and many other
consumer products.70 The presence of phthalic acid in eight
out of ten OA samples tested may indicate the presence of
DEHP plasticizers in uncombusted urban materials. Carpet
OA exhibited phthalic acid most likely due to the PVC vinyl
backing applied to the bottom of the carpet pile fibers. Another
example of a plastic precursor, terephthalic acid, was found in
vinyl flooring, plywood, and fiberboard OA. Terephthalic acid
is a key precursor to polyethylene terephthalate (PET), which
is commonly used in the manufacture of products that require
a barrier to gases (CO2 and O2) and resistance to shattering.71

As is the case for all species highlighted in this study, we
cannot ignore other atmospheric emission sources can be
responsible for their prevalence in ambient samples. For
instance, phthalic acid is a well-known product from
naphthalene photooxidation and is often used as a tracer of
naphthalene-derived secondary organic aerosol.72

NACs are known to be major contributors to light
absorption in biomass burning BrC.42 The BrC standard
mixture contained 11 NAC species commonly found in
BBOA,27 and of these, only two species (4-nitrophenol and
2,4-dinitrophenol) were present in OA samples. 4-Nitrophenol
(C6H5NO3, m/z 138.0193 (−)) was detected in all OA
samples except carpet, thick PVC wire, and fiberboard, whereas
2,4-dinitrophenol (C6H4N2O5, m/z 183.0043 (−)) was only
present in plywood, fiberboard, and lumber OA. The absence
of other NACs in urban material OA could indicate that the
nondetected NACs (e.g., 4-nitrocatechol, 5-nitrosalicylic acid,
2-nitrophenol, and 4-nitro-o-cresol) are more indicative of
traditional biomass fires. As this study only surveyed ten urban
materials and was carried out in the absence of oxygen during
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pyrolysis, additional testing of more urban material OA types is
needed to determine if this trend holds.
Tentatively Assigned Species Unique to Each OA.

Table S2 presents tentatively assigned species that were among
the highest intensity peaks and unique to each urban material.
We will briefly summarize our findings here but note that these
assignments have not been confirmed with standards, and only
the observed m/z values are reliable. Details on the usages of
each species were found in previous literature and the
PubChem database (National Library of Medicine).

Carpet OA’s selected unique species were nitrogen-
containing (e.g., 4-hydroxyquinazoline (C8H6N2O) and 2-
methyl-1,4-piperazine dicarbaldehyde (C7H12N2O2)). We were
unable to find species which were both unique to carpet OA
and clearly associated with urban additives and/or manufactur-
ing. Thin PVC wire OA uniquely contained 1,2,4-benzene-
tricarboxylic acid (C9H6O6, an intermediate for resins,
plasticizers, dyes, inks, and adhesives), 2-(2-aminobenzoyl)
benzoic acid (C14H11NO3, a dye intermediate), and
benzanilide (C13H11NO, used in dye making).73,74 Vinyl
flooring OA was distinguished from all other materials by its
large PAH structures. These species (xanthone (C13H8O2) and
9-fluorenone (C13H8O) from Table S1 (structurally identi-
fied), and 5,6a-dihydronaphtho[2,1,8,7-klmn]xanthene
(C18H10O), naphthanthrone (C19H10O), 7-hydroxymethyl-
12-methylbenz[a]anthracene (C20H16O), and benzo[k]-
tetraphene-5-ol (C22H14O) from Table S2 (tentatively
assigned)), were resistant to UV induced change, as they
were present in both the unaged and aged OA, and their
abundances may have contributed to the optical classification
of “no change”. Fabric OA presented with the unique species
dihexyl phthalate (C20H30O4), often used in textiles and vinyl
upholstery (as was the case for this fabric material).73 Plywood
OA’s unique markers included resorcinol (C6H6O2, used in
plastic production),75 reticulol (C11H10O5), 2-(2-hydroxye-
thoxycarbonyl) benzoic acid (C10H10O5, patented for resins
used in forming multilayer coating films and adhesives),76 10-
undecenoic acid (C11H20O2, used as a precursor in the
manufacture of polymers),77 and others listed in Table S2.
Given that plywood is made up of sheets of wood that are
adhered together, it is likely that the species found here were
utilized in the manufacturing processes of this plywood
material. Ceiling tile OA presented with bis(2-ethylhexyl)
amine (C16H35N), which is patented as a modified epoxy resin
and may have been used to adhere components together.78

Thick PVC wire OA exhibited 1-(4-hydroxyphenyl)-2-phenyl-
ethan-1-one (C14H12O2, patented as a resin)79 and laurixamine
(C15H33NO, used in production of polymers and metallic
pigments).80 Note that both thin and thick PVC wire OA have
unique species that are predicted to be resins, plasticizers, and
ink/dye species. These two coated wires were different in
manufacturer, color, and thickness of PVC coating, illustrating
the wide variety of species that can be emitted even from one
class of urban material. Drywall OA did not possess many
unique species that had structural matches to online databases
referenced by the Compound Discover program. We observed
large ions corresponding to C19H35NO5 and C19H38N2O.
Drywall is composed of calcium sulfate dihydrate (gypsum)
with additives of plasticizers, foaming agents, cellulose, and
fiberglass. Preliminary results from Compound Discover
showed many sulfur-containing species for this OA type
only. Due to CHON assignment restraints implemented in this
pilot study, we did not report sulfur-containing organics in this

work, but future studies from our group will incorporate a
greater heteroatom variety in the analysis. Fiberboard OA
exhibited 3-methyl-2-quinoxalinecarboxylic acid (C10H8N2O2,
an eye irritant)73 and 3-hydroxy-2-napthohydrazide
(C11H10N2O2, an epoxy resin for fiber reinforced composite
materials).81 Lumber OA exhibited unique markers potentially
assigned to methylsuccinic acid (C5H8O4) and acetic
propanoic anhydride (C5H8O3).

■ ATMOSPHERIC IMPLICATIONS
This work serves as a pilot study for the chemical
characterization of OA produced in WUI fires, and the effect
of photolytic aging on this OA. One of the key findings is that
photolytic aging results in relatively small changes to the
overall chemical composition despite having a large impact on
the overall absorption coefficient of OA (i.e., photobleaching
and photoenhancement effects). This reinforces previous
observations that the optical absorption of BrC is controlled
by a small fraction of chromophoric species. Changes in the
relative intensity of these species are difficult to notice because
they are obscured by more abundant nonabsorbing species.

It is important to note that this study only focused on a
small variety of species present in WUI fires. Additionally, OA
was generated only at a single pyrolysis temperature (600 °C),
and in the absence of oxygen. This is not fully representative of
environmental fires, which often oscillate between smoldering
and flaming combustion, with flaming temperatures reaching at
least an order of magnitude higher than smoldering or
pyrolysis. Results in this work are also limited in that we
only focused on CHON species when characterizing BrC
species. Metals and halogenated species are expected to be
produced through the combustion of human made materials.
Future studies should burn a greater variety of urban materials
(such as those containing perfluoroalkyl and polyfluoroalkyl
substances) under more diverse combustion conditions and
determine the molecular composition and long-term photo-
chemical transformations of largescale WUI fires. Here, we
have provided tentatively assigned species for each OA type
(Table S2) and, in the future, these species can be structurally
identified to build a library of compounds signature to WUI
fires.

■ ASSOCIATED CONTENT
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The Supporting Information is available free of charge at
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