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Molecular composition and the impact of fuel moisture
content on fresh primary organic aerosol emissions during
laboratory combustion of ponderosa pine needles
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Environmental context. Wildland fire smoke and its impacts on air quality and human health are increasing globally. However,
uncertainties in organic emissions from these fires hinder our understanding of downwind atmospheric photochemical processes
driving the formation of hazardous air pollutants. In this study, we investigated the impact of fuel moisture content on organic species
emission during the combustion of ponderosa pine needles, an important fuel source in the western United States.
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ABSTRACT

Rationale. Pine needles represent an important fuel source in coniferous forest systems in the
western United States. During forest fires, they can be easily ignited and help sustain flame on the
ground. Methodology. In this study, a comprehensive chemical analysis was conducted to
examine oxygenated organic compounds (OOCs) present in PM,s (particles < 2.5pum in
aerodynamic diameter) formed from burning dry and moist ponderosa pine (Pinus ponderosa)
needles (PPN) in the presence and absence of fine woody debris (FWD). The effect of fuel
moisture content (FMC), a key parameter that influences smoke formation, has not received
much attention. Therefore, we also investigated the effect of FMC on PM, s formation and its
composition. Thirty three experiments were conducted at the US Forest Service Fire Science
Laboratory. PM, s was collected onto 47-mm Teflon filters, and silylated extracts were analysed
by gas chromatography—mass spectrometry. Results. More than 50 OOCs were identified,
including levoglucosan and mannosan; n-dodecanoic acid and n-hexadecanoic acid; dihydroabietic
acid, and dehydroabietic acid; and a series of intermediate volatile and semivolatile organic
compounds. Mass spectra of a wide variety of compounds in electron and chemical ionisation
mode are provided. Most of these OOCs were identified in this study for the first time in PPN
aerosol, although some were previously reported in pine wood and other biomass burning
aerosol. Our results show significant changes in the composition and abundance of particles
depending on the amount and type of PPN burned. When compared with dry PPN, moist PPN
showed decreased emissions of PM, s and OOCs, due likely to the presence of water in the
system that partially suppressed the production of OOCs. Discussion. Incorporating pine
needles in atmospheric models as a contributor to smoke particles generated during forest
fires is an essential step towards reducing the current uncertainties regarding the influence of
these aerosols on chemical/air mass characteristics, regional meteorology, and the climate.

Keywords: diterpenoids, organic aerosol, oxygenated organic compounds, PM, s, ponderosa
pine needles, silylation, sugars, wildfires, wildland fire smoke.

Introduction

Wildfires are unplanned and uncontrolled fires that start in wildland areas but often
spread to populated areas. Over the past few decades, the frequency, size, duration, and
severity of wildfires and the associated impacts on air quality have increased across many
regions of the globe (Bowman et al. 2009, 2011; Stephens et al. 2013; Westerling 2016;
Balch et al. 2017; Holden et al. 2018; Landis et al. 2018). Recently, the United States,
particularly the West, has experienced some of the largest and most damaging wildfires


https://www.publish.csiro.au/
https://www.publish.csiro.au/
https://doi.org/10.1071/EN23013
www.publish.csiro.au/en
www.publish.csiro.au/en
https://orcid.org/0000-0002-2728-9137
https://orcid.org/0000-0001-9051-7246
https://orcid.org/0000-0002-8742-496X
mailto:jaoui.mohammed@epa.gov
https://doi.org/10.1071/EN23013

M. Jaoui et al.

Environmental Chemistry

in decades (Holden et al. 2018), and fires are expected to
increase in size and intensity in the future due to the chang-
ing climate, drought, and increased urbanisation and devel-
opment (Westerling et al. 2006; Bowman et al. 2009, 2011;
Stephens et al. 2013; Liu et al. 2016; Westerling 2016; Balch
et al. 2017; Holden et al. 2018). Recent studies show that
total U.S. particulate matter (PM) air quality continues to
improve except in areas affected by wildfires (McClure and
Jaffe 2018a, 2018b). Wildfires can impact air quality and
influence climate at local, regional, and even global scales
(Westerling et al. 2006; Westerling 2016; Malig et al. 2021).

Smoke from wildland fires is composed of a wide variety
of gases: carbon monoxide (CO), carbon dioxide (CO,),
volatile organic compounds (VOCs), and oxides of nitrogen
(NOx) (Simoneit 2002; Vicente et al. 2013; Urbanski 2014;
Hatch et al. 2015). Wildfires also directly emit a large
amount of PM, 5 (particles < 2.5 pm in aerodynamic diam-
eter), a criteria air pollutant regulated under the U.S. Clean
Air Act (42 U.S. Code § 7409), as amended (1990). Recently
wildfires were estimated to account for 25% of PM, 5 across
the United States, and up to 50% in some western regions
(Burke et al. 2021). The type of fuels (e.g. live and dead
biomass available for combustion — litter, down dead wood,
organic soil, herbs, shrubs, and the foliage and fine branch
wood of tree crowns) being burned has a strong influence on
the chemical composition of the smoke produced (Urbanski
2014; Baylon et al. 2015; Briggs et al. 2016). Although
VOCs, semivolatile organic compounds (SVOCs), and non-
volatile organic compounds can be emitted directly into the
atmosphere during wildfires, VOCs and SVOCs can also react
further with atmospheric oxidants like hydroxyl radicals
during the day and nitrate radicals at night. Additionally,
VOCs and SVOCs can react with ozone at any time to yield
additional SVOCs and nonvolatile products that partition
into particles, forming secondary organic aerosol (SOA)
(Noziere et al. 2015; McClure and Jaffe 2018b).

PM, 5 is one of the main pollutants the public is exposed
to for short periods of time (hours to weeks) during wild-
fires. PM, 5 from biomass burning contributes significantly
to the global atmospheric organic aerosol (OA) burden
(Crutzen and Andreae 1990; Bond et al. 2004). PM, 5 is
composed of a variety of chemical species, each with their
own sources, physio-chemical properties, atmospheric
reaction pathways, and environmental impacts. Pine forests,
which dominate several areas of the globe, including north-
ern parts of North America, Europe, and Russia, contribute
significantly to biomass burning particles (Liang et al. 2021,
2022). Most studies associated with pine trees focused on
the estimation of biogenic reactive organic compounds (e.g.
pinene compounds: a-pinene and f3-pinene) and their con-
tribution to the atmospheric carbon budget and the produc-
tion of tropospheric ozone and aerosol particles (Guenther
2002; Noziére et al. 2015). For the characterisation of smoke
associated with pine needle burning, most studies reported
on emissions of CO, CO,, NOx, elemental and organic
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carbon (EC and OC), and PM, with few reporting on OA
characterisation (Laskin et al. 2009). Laskin et al. (2009)
established that OC was the main component of aerosols,
and have reported a new class of chemicals, N-heterocyclic
alkaloids, emitted from burning ponderosa pine (Pinus pon-
derosa) needles (PPN), sticks, and duff. When released into
the atmosphere, these chemicals can partition into particles
and be transported hundreds to thousands of kilometres,
which may directly impact the health of humans and ani-
mals, and be atmospherically deposited and mobilise into
surface and groundwater systems (Bladon et al. 2014; Jen
et al. 2019). Recently, based on chamber burns of 19 differ-
ent species including pine needles, oxygenated aerosol was
found to contribute to the OA emitted based on the m/z 44
fragment measured by the aerosol mass spectrometer
(Jolleys et al. 2014). Overall, the composition, chemical
transformation, and sources of OA are currently not well
characterised for biomass burning including OA from pine
needles. Most studies have used either the emission factors
(EF) and/or the modified combustion efficiency (MCE;
Urbanski 2013) to evaluate the OA contribution from fires.
OA composition and emissions factors of anhydrous sugars
and other organic components have been reported previ-
ously (Nolte et al. 2001; Oros and Simoneit 2001; Schauer
et al. 2001; Hosseini et al. 2013; Jen et al. 2019) from the
burning of wildland fuels. These results revealed that aero-
sols originating from biomass burning are far from uniform.
Furthermore, better chemical and physical characterisation
of aerosols from different combustion sources is an essential
step towards reducing the current uncertainties regarding
the influence of these aerosols on chemical/air mass char-
acteristics, regional meteorology, and the climate (Jolley
et al. 2012, 2014).

The present study is part of a larger U.S. Environmental
Protection Agency (EPA) Wildland Fire Sensor Challenge
conducted by the EPA and the U.S. Forest Service (USFS),
in collaboration with other U.S. federal agencies (Centers for
Disease Control and Prevention (CDC); National Aeronautics
and Space Administration (NASA); National Oceanic and
Atmospheric Administration (NOAA); National Park
Service (NPS)) to evaluate the performance of new air mea-
surement technologies for monitoring wildland fire smoke
(Landis et al. 2021). Here, our focus is conducting a com-
prehensive qualitative and quantitative chemical analysis of
OOCs bearing -OH and -COOH groups from PM, s smoke
samples collected during the 2018 phase two of the U.S. EPA
Wildland Fire Sensor Challenge (Landis et al. 2021). Smoke
was generated under simulated wildland fire conditions at
the USFS Fire Sciences Laboratory (FSL) combustion cham-
ber in Missoula, Montana (Christian et al. 2004). Varying
concentrations of smoke from burning PPN at two moisture
levels, dry and moist, in the presence and absence of pon-
derosa pine fine woody debris (FWD, downed, dead twigs,
and small (diameter < 1.5 cm) branches) were produced in
the chamber. Thus, the effects of the composition of the fuel
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burned on the variability in emissions of oxygenated organic
compounds (OOCs) is evaluated. In particular, the roles of
combustion processes, source conditions such as fuel type
and morphology, and oxygenation levels of resulting OA are
of interest. An analytical method coupling gas chromatogra-
phy to mass spectrometry (GC-MS) with a derivatisation
method (silylation) (Jaoui et al. 2004) has been used for
the identification of OOCs originated from samples obtained
from chamber experiments.

Experimental

Chamber description and operation

While the organic species associated with the combustion of
PPN can be found in field samples collected during wildland
fires in areas dominated by pine trees, they are most readily
formed and identified by laboratory burn experiments. The
initial conditions of the combustion experiments conducted
in this study are summarised in Table 1. Thirty-three experi-
ments were conducted from 16 to 24 April 2018, 16 with
PPN and 17 with a mixture of PPN and FWD. The experi-
ments were carried out under conditions that mimic the
types of atmospheric combustion likely to occur under typi-
cal ambient conditions.

All burn experiments were carried out at the combustion
chamber at the USFS FSL. The FSL combustion chamber
has a volume of ~3000m>® with internal dimensions
12.4 x 12.4 x 19.6 m® (L x W x H). Additional chamber
details can be found elsewhere (Christian et al. 2004). The
chamber was operated in ‘static’ mode where prior to each
burn the chamber was flushed with outdoor ambient air and

Table I.
16-24, 2018 (see Supplementary Table Sl).

then sealed by closing the exhaust stack prior to fire ignition.
Two large circulation fans mounted on the wall of the cham-
ber and destratification fans on the chamber ceiling facili-
tated mixing and maintained homogeneous smoke
conditions (Landis et al. 2021). Fuel beds were prepared
and placed in the centre of the chamber (see below). The
fuel beds were ignited, and smoke sampling commenced
after both flaming and smouldering combustion had ceased
and the smoke concentration within the chamber had stabi-
lised. Based on a recent study of particle wall-loss in smog
chambers, we believe particle wall-loss is small (<10%)
during our 1 h tests. Wang et al. (2018) found wall-loss
rates in a 12m? Teflon chamber to be 0.1h™' for 100 nm
and 0.25h~ ' for 50nm particles. Given the much larger
volume of the FSL combustion chamber (3000m?), we
anticipate the particle loss rate to be substantially less than
that for the 12.5m> chamber evaluated in Wang et al.
(2018). In addition to chamber size, the electrostatic effect,
which will be enhanced for Teflon walls, can play a major
role in increasing wall-loss of intermediate size particles
(0.5nm-1 pm) (McMurry and Rader 1985). Since the walls
of the FSL combustion chamber are lined with corrugated
aluminium, the particle wall-loss rate should be further
reduced compared with that reported in Wang et al
(2018). For each burn, smoke was sampled for 1 h. A total
of 33 burns were performed from 16 to 24 April 2018 under
different burn conditions resulting in 33 1-h filter sample
periods. While the focus has been to qualitatively examine
the particle phase composition of OOCs, measurements of
trace gas phase species and other parameters (e.g. EC and
0OC) have been also made. Real-time trace gas measurement
of NO (nitric oxide), NO, (nitrogen dioxide), O3, CO,, CO,

Summary of initial conditions associated with the 33 burn experiments conducted at the FSL chamber, Missoula, Montana, April

Conditions
Total Dry Moist Dry + Moist
Fuel type Ponderosa pine needles (PPN)
Number of burns 16 2 5 9
Total fuel mass (g): min—max 20-779 20-779 90-355 22-84 + 16-218
Moist/dry ratio: min—-max 0.6-5.1 - - 0.6-5.1
Fuel type Ponderosa pine needles (PPN) + fine pine woody debris (FWD)
Number of burns 17 15 | [
Total fuel mass (g): min—max 10-700 (PPN) 10-700 (PPN) 171 (PPN) 40 (dry PPN)
21-2230 (FWD) 21-2230 (FWD) 118 (FWD) 34-38 (moist FWD)
21-2230 (FWD)
Moist/dry ratio: min—max 1.8% - - 1.8%
PPN/FWD ratio: min—max 0.03-24 0.03-2.4 1.1 2.0®

AMoist (PPN + FWD)/dry PPN (burn #25, Supplementary Table Sl).
EDry PPN/moist FWD (burn #25, Supplementary Table SI).
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and SO, (sulfur dioxide) were made for each burn experi-
ment using commercial gas analysers, and can be found
elsewhere (Landis et al. 2021).

Fuels

The present study investigates the chemical composition of
smoke generated in the chamber to simulate near- to mid-
field wildland fire smoke conditions (Landis et al. 2021).
Varying concentrations of smoke were generated from burn-
ing biomass typical of the Western U.S. under various com-
bustion conditions (e.g. smouldering, flaming). The fuels
used were PPN and ponderosa pine FWD (downed, dead
twigs, and small diameter (<1.5cm) branches). Both ‘dry’
and ‘moist’ fuels were used and the mass fraction of FWD in
the fuel beds ranged from O to >95%, see Supplementary
Table S1. The chamber temperature, relative humidity, and
initial fuel mass (dry weight) of PPN and FWD burned in
each experiment are summarised in Supplementary Table S1.

Particle sampling

Particle samples (PM, ) from the chamber were collected
onto 47 mm polytetrafluoroethylene (PTFE) filters at
1m3h~! for 1h, using three Tisch Environmental (Cleves,
OH, USA) Model TE-WILBUR filter-based U.S. EPA Federal
Rerence Method (FRM) samplers distributed in the burn
chamber. Three FRM sampler filters were collected from
each burn. Each Tisch sampler used a standard EPA PM;,
(particles with aerodynamic diameters <10 um) louvered
impactor inlet and PM, 5 fractionation was performed by a
BGI by Mesa Labs (Butler, NJ, USA) Model VSCCA (Very
Sharp Cut Cyclone). The samplers were programmed to start
10-15 min after fuel ignition to allow for the combustion of
the fuel beds, flame out, and mixing of the smoke.
Measurement Technology Laboratories (MTL; Minneapolis,
MN, USA) Model PT47P PTFE 2 um pore size pressure drop
equivalent membrane filters, with a hydro-inert fluorinated
ethylene propylene (FEP) support ring from the same lot,
were used in every sampler. Filters were weighed in accord-
ance with EPA Guidance Document 2.12 (U.S. EPA 2016) for
monitoring PM, 5 in ambient air. Before and after sampling,
filters were equilibrated for a minimum of 24 h in a temper-
ature and humidity controlled clean room prior to being
weighed by an MTL Model AH1 Automated Weighing sys-
tem. Filter weights were performed in triplicate and were
accepted as valid if they were within +5 ug of each other.
Final weights were calculated from the mean of the tripli-
cate readings. A detailed description of the samplers, filters,
and sampler calibration procedure can be found elsewhere
(Krug et al. 2021; Landis et al. 2021).

Sample extraction and derivatisation

The following chemicals were purchased from Aldrich
Chemical Co. (Milwaukee, WI, USA): 1,2-decanediol,

322

1,12-dodecanediol, pentadecane dioic acid, 11-hydroxy-
undecanoic acid, 16-hydroxyhexadecanoic acid, 9-hydroxy-
nonanoic acid, 1,14-tetradecanediol, palmitic acid, 1,10-
decanediol, 1,2-dodecanediol, 1,9-nonanediol, 7-oxononanoic
acid, hexadecanedioic acid, 1,16-hexadecanediol, 15-hydroxy-
pentadecanoic acid, 1,4-anhydroerythritol, p-erythronic acid-
y-lactone, 2-hydroxy-5-methylacetophenone, bi-threitol,
methyl-B-p-xylopyranoside, phthalic acid, levoglucosan,
xylose, p-arabitol, isophthalic acid, sorbitol, p-mannitol, galac-
tosan, inositol, tetracosane-dsy (TCS: IS), (1S)-(+ )-ketopinic
acid (KPA: IS), trans-p-menth-6-ene-2,8-diol (PMD: IS), and
N,O-bis(trimethylsilyDtrifluoroacetamide (BSTFA). Mass spec-
tra were generated for these chemicals and used to help
interpret the mass spectra associated with products that origi-
nated from smoke particles. All compounds were purchased at
the highest purity available and were used without further
purification. Methylene chloride, acetone, hexane, n-pentane,
and acetonitrile were of GC? quality, and were purchased
from Burdick and Jackson (Muskegon, MI, USA).

Filter samples from the chamber were sonicated for 1 h
in 3mL of methanol/methylene chloride (1:1, v/v). Each
filter was placed in a clean 5 mL conic-bottom tube
with a Teflon-lined cap. Prior to extraction, 20 uL each of
KPA (58.1ugmL~'), PMD (100.2ugmL~"'), and TCS
(56.9 uyg mL~ 1) were spiked on the top of the filter as inter-
nal/recovery standards, then 3 mL of the extraction solvent
was added. The tube was capped and sonicated for 1h at
room temperature. After cooling at room temperature for
15min, each sample extract was evaporated to dryness
under a gentle stream of ultrapure N, by using an N-Evap
evaporation bath (Organomation Associates, Inc., Berlin,
MA, USA). The resulting dry extract was then derivatised
with 200 pL of BSTFA (N,O-bis- (trimethylsilyl)trifluoroace-
tamide/1% trimethylchlorosilane) and 100 uL of pyridine at
70°C for 1h. After cooling to room temperature, the solu-
tions were transferred to GC-MS vials and analysed by
GC-MS in electron ionisation (EI) and methane chemical
ionisation (CI) modes. EI is highly reproducible and frag-
mentation data are available for many compounds in mass
spectral databases. Information about the molecular ion is
often lost in EI because of the strong analyte fragmentation,
which compromises the identification of unknown com-
pounds. CI, on the other hand, offers the mass of the molec-
ular analyte and its fragments, which is crucial when
identification using EI fails due to insufficient library data
and standard materials. For complex mixture analysis and to
overcome these challenges, EI and CI are used as compli-
mentary to each other, which boosts the confidence in the
identification of unknown species, especially in complex
mixtures as the case in this study. In some cases, depending
on the concentration of each derivative, a dilution of 30%
was made to avoid overloading the column (extracts from
burns #9, #20, and #21). The extraction and derivatisation
procedures were conducted using the method reported by
Jaoui et al. (2004, 2018).
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GC-MS analysis was conducted on an Agilent Technologies
(Santa Clara, CA, USA) gas chromatograph — mass spectro-
meter instrument equipped with a model 7693-automatic
sampler, a model 7890 B GC with a splitless injector, and a
model 5977 B mass selective detector. An Agilent model DB-
5MS capillary column (60 m, I.D. 0.25 mm, film thickness
0.25 pm) was used for the analysis. For these measurements,
the inlet temperature was set to 280°C. The temperature
program started at 84°C for 1 min and was raised first to
200°C at 10°Cmin~ ' and then to 300°C at 30°Cmin ',
where it was held for 5 min. Subsequently, 2 uL of the extract
was injected in CI and/or EI modes. The MS was operated in
full SCAN mode in EI (70eV) and CI modes. The transfer
line, source, and quadrupole temperatures were set to 280,
230, and 150°C, respectively.

Results and discussion

Experiments were conducted using moist and dry PPN and
FWD. The moist/dry PPN and PPN/FWD mass ratio ranged
from 0.6 to 5.1 and 0.03 to 2.4, respectively. Additional
details associated with this study are provided in the
Supplementary Material Table S1 and Landis et al. (2021).
Chamber temperatures, relative humidity, and modified
combustion efficiencies (MCEs) ranged from 22.5 to 26.9°C,
15.8-53%, and 0.911-0.971, respectively (Supplementary
Table S1; Landis et al. 2021).

PM, s concentrations associated with each burn are
given in Supplementary Table S1 and ranged from
28.7 + 7.4ugm > to 1814.9 + 265.3ugm~ 3. Overall, the
PM, 5 concentration was lowest in burn #5, corresponding
to a fuel loading of 50 g of a mixture of dry PPN and FWD,
and highest in burn #9, corresponding to a fuel loading of
779 g of dry PPN. The burn conditions (smouldering vs
flaming), burn efficiency, MCEs, and gas phase species

were provided and are discussed elsewhere (Krug et al

2021; Landis et al. 2021). The production of smoke particles

was found to be highly dependent on the conditions under
which the burns were carried out, the presence or absence of
moist PPN or FWD, and the total initial mass of fuel used
(Supplementary Table S1). Fig. 1 displays the distribution of
PM, s (ug m~2) concentration as a function of the initial
mass of moist PPN used. PM, s concentrations measured
gravimetrically were highly correlated (r* = 0.97) with the
mass of moist PPN burned (Fig. 1a). Note that only five data
points are available for this regression. However, a consist-
ent correlation was not observed when the fuel used was
composed of a mixture of moist and dry PPN (r* = 0.25).
A good correlation was also observed when the fuel burned
is a mixture of PPN (moist) and FWD. In this case, the
amount of PM, s emitted increased with the mass of fuel
burned (> = 0.79). Fig. 1b displays emitted smoke PM, g
concentration (pgm_s) versus the mass of initial PPN
burned when mixtures of PPN and FWD were burned simul-
taneously. The data show that the fuel composition, in
particular the PPN/FWD ratio, plays an important role in
emitted PM, s smoke levels. For low PPN to FWD ratios
(~0.04), the amount of PM, s emitted increased rapidly
with the amount of FWD burned. For a high PPN to FWD
ratio (~0.4), the amount of PM, 5 increased moderately as
the mass of PPN burned increased (Fig. 1b). When compared
with dry PPN, moist PPN showed decreased emissions of
PM,s (e.g., from 140.9 ugm ™3 (burn #4, Supplementary
Table S1) to 45.8 pgm_3 (burn #18)), likely due to the
production of PM, 5 being partially suppressed in the pres-
ence of water in the system. This is consistent with the effect
of relative humidity on SOA reported in the literature from
the oxidation of isoprene (Nestorowicz et al. 2018).
Therefore, fuel moisture content is an important parameter
to understand because in the natural environment live fuels
have elevated moisture content compared to dead dry fuel.

(@) (b)
PM, 5 (ng m™3) = 1.4251 PPN moist PM, 5 ug m ™
() '
800 5 r?=098
1000 -
3
(e} d
600+ 800 A <
O?E O?E ) e
o o 6004 [° 5 0
= 400 = < .
0 0 I o0
o o S o
= = 400 T o .7 o . . -3y
o . o a ] & Fig. I. PM,s concentrations (ugm ) in the smoke
2001 200 K chamber as a function of the mass of PPN burned (g).
o oo K (a) PM, 5 concentration versus initial mass of moist
0 ' ' ' 0 p° ' ' ' PPN used in the absence of FWD. (b) PM, s concen-
0 200 400 600 0 250 500 750 tration versus initial mass of PPN used in the pres-
Mass burned of moist PPN (g) Mass burned of PPN (g) ence of FWD. Solid line is the linear model least
square regression (Fig. la).
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Identification of oxygenated organic products

During each burn experiment, sufficient PM, s mass was
collected on PTFE filters to characterise select OOCs
(Supplementary Table S1). The analysis of PM, 5 generated
from burning PPN and mixtures of PPN and FWD shows the
presence of a series of organic compounds containing one or
more of the following groups: ketone, ether, carboxylic acid,
alcohol, and/or aromatic ring. Many of these compounds do
not have authentic standards and their identification was
based on the interpretation of mass spectra of the deriva-
tised compound (Jaoui et al. 2004, 2005, 2018). The identi-
fication should be regarded as tentative except for
compounds that have authentic standards. The recognition
of characteristic ions was used to guide the analysis of the
derivatives obtained in both EI and CI modes. BSTFA reacts
with -COOH and —OH groups to form trimethylsilyl (TMS)
derivatives, having characteristic fragment ions of m/z 73,
75, 147, and 149. Adduct ions in CI from the derivatives
include m/z M* +73/75, M" + 41, M" +29, and
M™" + 1; fragment ions include m/z M* - 15, M™" - 73,
M™ -89, M"™ -117, M™ - 105, M™ - 133, and/or M™"
— 207 (Jaoui et al. 2004). The approach used for the identi-
fication is as follows. Peaks detected in blank and/or back-
ground chamber samples were eliminated first. A peak was
associated with a compound only if its corresponding mass
spectrum was consistent with the fragmentation pattern of
the BSTFA derivatisation reagent. All recorded spectra were
compared with spectra derived from various reference com-
pounds, authentic standards, NIST library, the PubChem
website (pubchem.ncbi.nih.gov), mass spectra assignment,
Gardner et al. (1999), Kononenko (2017), and Bankova et al.
(2019). While the off-line technique is an integrated method
that requires only 1h sampling times, it still provides a
sensitive method for product identification at the molecular
level as well as measuring low concentrations of highly
0OO0Cs, including SVOCs and intermediate-volatile organic
compounds (IVOCs). Thus, products found by this collection
technique and analytical method could be informative for
possible markers for the types of compounds that may form
in smoke particles.

Fig. 2 displays typical GC-MS (portion 22-46 min) total
ion chromatograms (TICs) associated with silylated extracts
in EI mode. Mass spectra of more than 50 compounds have
been recorded in the present study, for which representative
examples are shown. Chromatograms for either EI or CI
associated with PM, 5 smoke indicated the presence of sig-
nificant large peaks from the BSTFA derivatisation. They are
best illustrated in Fig. 2 for dry PPN (14 peaks), moist PPN
(11 peaks), and dry PPN + FWD (8 peaks). In addition, a
significant number of relatively small peaks were detected
in each chromatogram (Fig. 2). The structure of compounds
associated with several peaks with mass spectra consistent
with products bearing —OH and/or -COOH groups could not
be obtained due to lack of authentic standards and the
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complexity of the interpretation of their spectra. Compounds
identified in the present study are summarised in Table 2,
which contains proposed structures, the five most abundant
ions associated with each compound (CI) as a trimethylsilyl
(TMS) derivative, and the molecular weights of the deriva-
tised (MWrpys) and underivatised (MW) compound.
Additional peaks having mass spectra not consistent with
silylation were detected and are associated with compounds
not bearing —-OH and -COOH groups (Table 2).

Sugars and sugar alcohols

Levoglucosan (LG: dioxabicyclo[3.2.1]octane-2,3,4-triol)
was the highest concentration anhydrous sugar observed on
all PPN (dry & moist) burn sample filters with a peak that
eluted at 30.48 min in the chromatograms presented in
Fig. 2b—c and field blank concentrations were typically
non-detectable (Fig. 2a). When PPN was mixed with FWD,
the observed levoglucosan concentrations were reduced
(Fig. 2d). Supplementary Fig. S1 displays the mass spectrum
of LG-3TMS in CI and EI recorded from a dry PPN sample,
and the EI associated with the LG-3TMS standard. The EI
mass spectrum (Supplementary Fig. S1b) shows strong TMS
characteristic fragment ions at m/z 73, 204, 217, 147, 333,
consistent with that recorded for the LG standard
(Supplementary Fig. S1c) with a slight difference due to
peak co-elution observed for that originated from the PPN
sample. The corresponding CI spectrum also shows TMS
fragment ions at m/z 317, 289, 273, 157, and 363 that are
consistent with the EI mode and the presence of three -OH
groups, indicating a TMS-derivatised molecular weight
(MWrms) of 378Da (all derivatised and underivatised
masses are in Dalton (Da), but are not designated as such
hereafter). Note, adducts ions in CI mode (e.g., m/z at
M*T +1), M* + 29), and (M*" + 41) were not observed
for LG-3TMS (Supplementary Fig. S1a). LG has been widely
used as a primary marker for biomass burning as it is formed
during the thermal decomposition of cellulose and hemi-
cellulose (Simoneit et al. 1999; Urban et al. 2014). Several
additional sugars were identified in this study based on
authentic standards including: mannosan (MN: 1,6-
anhydro-pB-p-mannopyranose) and galactosan (GL: 1,6-
anhydro-p-p-galactopyranose) (Fig. 2, Table 2). MN and
GL are detected at much lower concentrations than LG
(Fig. 2), consistent with the work of Otto et al. (2006) and
Liang et al. (2021). The LG/MN mass peak area ratios of 5.3,
8.3, and 13.2 associated with burn #9, #28, and #14,
respectively, were consistent with those reported for aerosol
samples (Decesari et al. 2006; Kundu et al. 2010; Xu et al.
2019; Hou et al. 2021), and particulate material emitted
during burning various types of wood (Gongcalves et al
2011). The LG/MN mass ratio is used to differentiate
between burning softwood (low ratio) and hardwood (high
ratio) (Cheng et al. 2013). This is consistent with our results
showing a higher LG/MN ratio for burns involving FWD
(burn #14) and a lower LG/MN ratio for burns involving
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Table 2. Summary of selected oxygenated organic compounds identified in this study by GC-MS.

Nomenclature (formula) Structure Five abundant El ions MW (MW1ums)
as TMS (g mol™)
Sugars and sugar alcohols
Levoglucosan (C¢H¢Os) 317, 289, 273, 363, 73 162 (378)
6}
Ho™" "o
OH
Mannosan (C¢H,Os) H O 289, 273, 363, 199, 73 162 (378)
:/ O H
P <
Sl N o "'OH
Oy
Galactosan (CgH,Os) 289, 273, 363, 199, 73 162 (378)
a-b-Glucopyranose (CgH|,0¢) 525, 451, 271, 361, 73 180 (540)
Xylose (two peaks) (CsHoOs) o 204, 217, 191, 73, 147 150 (438)
H Oz,,.‘ 7 \\T//O H
J
0 N
H
Inositol (C¢H|204) ot 204, 217, 73, 147, 129 180 (612)
5
O ~CH
NS
() \T o
o H
H
p-Arabitol (CsH;20s) 129, 243, 205, 317, 407 152 (512)
H
Mannitol (C¢H4O¢) Ho oH 319, 73, 205, 217, 307 182 (614)
0O~ \/,i\]// ~oH
O Oy

326

(Continued on next page)
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Table 2. (Continued)

Nomenclature (formula)

Structure

Five abundant El ions

as TMS

MW (MWqys)

(g mol_')

Alkanoic acids

n-Dodecanoic acid (C,,H,40,)

n-Hexadecanoic acid (C¢H3,0,)

12-Hydroxydodecanoic acid (C;,H,4053)

9,12-Octadecadienoic acid (C,gH3,0,)

Diterpenoids

Dehydroabietic acid (CyoH250,)

Communic acid (CyoH3005)

Abietic acid (CyoH300,)

Pimaric acid (Cy0H3005)

117,73, 257, 132, 272

313, 117,132,145, 73

361, 345, 271, 389, 73

73,75, 337, 262, 129

373, 357, 401, 255, 283

257, 375, 359, 403, 73

257, 375, 359, 403, 73

257, 375, 359, 403, 73

200 (272)

256 (328)

216 (360)

280 (352)

300 (372)

302 (374)

302 (374)

302 (374)

(Continued on next page)
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Table 2. (Continued)

Nomenclature (formula) Structure Five abundant El ions MW (MW1Ns)
as TMS (g mol™)
Dihydroabietic acid (CyoH3,0,) 377, 361, 259, 405, 73 304 (376)
Isocupressic acid (CyoH3,03) [ “OH 73, 359, 241, 256, 449 320 (464)
I
-
Ho—« =
(]
Imbricatoloic acid (CyoH3403) 451, 467, 495, 507, 73 322 (466)
SVOCs/IVOCs
Benzoic acid (C;HsO5) 7 O 179, 195, 105, 73, 223 122 (194)
_ o-T
3-Hydroxybenzoic acid (C;H¢O3) -0 267, 283, 193, 73, 31| 138 (282)
—— O
— O-T
4-Hydroxybenzoic acid (three peaks) (C;HsO3) T — O 267, 283, 193, 73, 311 138 (282)
04 _
NI oO-T
Benzeneethanol, 2-methoxy (CsH|,0,) 209, 73, 353, 225, 311 152 (224)
@]
N —O0
T
1,2-Benzenediol (three peaks) (CsHsO,) T 239, 255, 73, 283, 295 110 (254)
(@]
— O
T

328

(Continued on next page)
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Table 2. (Continued)

Nomenclature (formula) Structure Five abundant El ions MW (MW1ns)
as TMS (g mol™)
2-Ethylphenol (CgH,,0) o H 179, 195, 105, 73, 223 122 (194)
4-Ethylphenol (CgHo0O) 2R 179, 195, 105, 73, 223 122 (194)
S —O
\———/ I
Vanillic acid (CgHgO4) O" 297, 313, 223, 341,73 168 (312)
NI o
O— -
T . 5-T
Phthalic acid (CgHsO4) H 147, 73, 295, 221, 310 166 (310)
Os__O
(0] o ‘
g
Isophthalic acid (CgHgO4) T ’,O 295, 279, 310, 205, 177 166 (310)
O—
—_— )
\__/ O-T
Syringic acid (two peaks) (CoH Os) O’ 327, 343, 239, 73, 383 198 (342)
T o
o— —
s o T
O
4-Methylcatecol (C;HgO5) o H 253, 269, 297, 123, 186 124 (268)
o
3-Methylcatecol (C;HgO5) 253, 269, 297, 123, 186 124 (268)
T
O_
(@)
T
1,2,3-Benzenetriol (C¢HsO3) o 327, 343, 73, 371, 73 126 (342)
o o
Homovanillic acid (CoHqO4) o~ 182 (326)
e
070
H

(Continued on next page)
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Table 2. (Continued)
Nomenclature (formula) Structure Five abundant El ions MW (MW1ns)
as TMS (g mol™)
Sinapyl alcohol (CH404) o 355, 339, 265, 383, 73 210 (354)
8 S
O._. N
Q oI
p-Coumaric acid (CoHgO3) g 309, 293, 337, 109, 73 164 (308)
I
p-Coumaryl alcohol (CoH00,) T — 279, 295, 323, 335, 73 150 (294)
o* —t
O-T
Sinapinic acid (CH,0s) o 279, 353, 369, 397, 409 224 (368)
- S
o— —— O
o No T
Caffeyl alcohol (CoH0O3) OI 383, 267, 411, 293, 257 166 (382)
o— -
I — N
o-T
Coniferyl alcohol (four isomers) (CoH,03) g 325, 309, 235, 217, 353 180 (324)
O— —
T \— -
oT
4,4'- Methylenebisphenol (C,3H,,0,) %7 1 - 345, 329, 373, 255, 385 200 (344)
O-T
3,7-Di-tert-butyl-2-naphthol (two peaks) 327, 329, 313, 357, 369 256 (328)
(CigH240) “ ’
Q
H
Dihydro-5-(hydroxymethyl)-2(3H)-furanone 99, 173, 189, 217, 229 116 (188)
(CsHgO3) HO o

PPN only. Additional identified sugars and sugar alcohols
include a-p-glucopyranose, xylose, inositol, arabitol, and
mannitol (Table 2). The presence in PPN aerosol of sugar
alcohols (e.g. arabitol and manitol), used in the literature as
fungal spore tracers (e.g. Xu et al. 2019), suggests that PPN
contribute also to these sugar alcohols in an area dominated
by pine trees.

n-alkanes/fatty acids/alcohols

PM, 5 generated in this study is dominated by oxygenated
ring-retaining compounds. However, several oxygenated com-
pounds with linear structure were identified in this study
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including mid-chain n-alkanes: dodecanoic acid, palmitic
acid, 12-hydroxydodecanoic acid, and 9,12-octadecadienoic
acid (Table 2). These compounds have been identified based
on authentic standards. The CI mass spectrum of the BSTFA
derivative of palmitic acid shows fragment ions at m/z 73,
239 [M* - 89], 313 [M*" - 15], and 327 [M* - 1]; and
adducts at 328 [M™" + 1], 357 [M™" + 29], 369 [M*" + 41],
and 401 [M™ + 73]. These fragments and the adducts are
consistent with the presence of one -OH group and a MW of
328 for the derivatised compound and 256 for the under-
ivatised compound. Several small peaks eluting between
40.8 and 42.8 min could not be identified, however, their
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mass spectra are consistent with long-chain alkanes (fatty
acids and alcohols with a carbon number between C18 and
C35). Recently, fatty acids and alcohols, mainly C27 and C29,
have been reported in atmospheric aerosol and in pine needle
extracts (Kim et al. 2017; Miyazaki et al. 2019; Nikoli¢ et al.
2020; Liang et al. 2021). High abundances of n-alkanes have
been measured in ambient PM, 5 collected all over the world
(e.g., Kang et al. 2018 and reference therein). A wide variety
of sources including plant waxes (Kawamura et al. 2003),
anthropogenic activity (e.g. fossil fuel use) (Kang et al.
2016), and biomass burning (Schauer et al. 2001) were
reported to contribute to their emission. While these species
have been reported previously in several studies, their detec-
tion for the first time in PPN aerosol in this study provides
evidence that PPN contribute to their emission in an area
dominated by ponderosa pine trees.

Diterpenoids

Many relatively smaller peaks were observed to elute late
in the chromatograms (Fig. 2), reflecting the complexity of
smoke particles that originated during PPN combustion. In
this study, several diterpenoids were identified and associated
with some of these peaks including dehydroabietic acid, com-
munic acid, abietic acid, pimaric acid, dihydroabietic acid,
isocupressic acid, and imbricatoloic acid (Table 2).
Supplementary Fig. S1 displays CI and EI mass spectra associ-
ated with isocupressic acid-2TMS, dihydroabietic acid-1TMS,
and imbricatoloic-1TMS. For example, the CI mass spectrum
of the TMS derivative of isocupressic acid (Supplementary
Fig. S1, top) shows fragment ions at m/z 73, 133, 191, 207,
265, 309, 343, 359 [M " -105], 375 [M* - 89], 433, and 449
[M* - 15] and adducts at m/z 465 [M* + 1], 507
[M* + 41], and 539 [M* + 75]. These fragments and
adducts are consistent with the presence of two —-OH groups
and a MW of 464 for the derivatised compound and a MW of
320 for the underivatised compound. The presence of a peak
at m/z 305 [M™ - 105] is consistent with a compound
bearing an alcoholic ~OH group. The fragments ions observed
in EI mode in Supplementary Fig. S1b are consistent with
isocupressic acid-2TMS. Similar analysis of the remaining EI
and CI mass spectra shown in Supplementary Fig. S1 are
consistent with dehydroabietic acid and imbricatoloic acid.
Oxygenated diterpenoids are well documented in the litera-
ture and have been identified in a wide range of plant extracts
including pine needles and twigs (e.g. Gardner et al. 1999).
Diterpenoids are used as markers in biomass burning emis-
sions for conifer combustion (Hays et al. 2002; Liang et al.
2021). Recently, selected diterpenoids were identified in
atmospheric aerosol samples collected during the 2017
Northern California wildfires (Liang et al. 2021). In line
with our finding in this study, pine tree needles which are
widely distributed in Northern California could be a potential
source of diterpenoids as observed by Liang et al. (2021).
Dehydroabietic acid was reported to thermally decompose
in fires to form 7-oxo-dehydroabietic acid (proposed as an

aging product of resin acids: Yan et al. 2008) and retene
(Ramdahl 1983; Simoneit et al. 1993; Standley and
Simoneit 1994), however, in a recent study by Liang et al.
(2021), 7-oxo-dehydroabietic acid was suggested to be a use-
ful indicator for the formation of biomass burning SOA. In our
study, neither 7-oxo-dehydroabietic acid or retene were
detected, therefore it is likely that the chemicals reported in
this study are of primary origin. The emissions of a wide range
of diterpenoids observed in this study are likely due to the
distillation from unburned heated PPN.

Intermediate-volatile and semi-volatile organic
compounds (IVOCs/SVOCs)

Other ring-retaining compounds with one or more —-OH
and —COOH groups were identified in this study (Table 2).
They are classified either as IVOCs or SVOCs (Shen et al. 2023
and reference therein) based on their volatility, and include
benzoic acid, 3-hydroxybenzoic acid, 4-hydroxybenzoic acid
(and two additional isomers), 2-methoxybenzene ethanol,
catechol (and two additional isomers), 2-ethylphenol,
4-ethylphenol, vanillic acid, syringic acid (and one additional
isomer), 4-methylcatechol, and 1,2,3-benzenetriol. Other
IVOCS and SVOCs containing one benzene ring and one
external double bond were also identified, including sinapyl
alcohol, p-coumaric acid, p-coumaryl alcohol, sinapinic acid,
caffeyl alcohol, and coniferyl alcohol. The majority of SVOCs
and IVOCs (Table 2) were identified based on authentic stan-
dards. Additional small peaks were detected in chromato-
grams in Fig. 2, for which their associated mass spectra are
consistent with SVOCs and IVOCs, however, their structure
and formulae could not be obtained based on the analytical
method used in this study. Many IVOCs and SVOCs identified
here have been reported to be emitted directly from biomass
fires in the gas phase (Grieshop et al. 2009a, 2009b; May et al.
2013; Hatch et al. 2018). Their detection in the particle phase
in this study suggests their gas-phase partitioning or their
direct emission as primary volatile organic compounds into
the particle phase. In the literature, some of these IVOCs and
SVOCs have been reported in part to be the result of photo-
chemical and/or aging processes of primary emitted VOCs
(Liang et al. 2021; Li et al. 2023). However, in our chamber,
photochemistry could not occur due to the absence of sun-
light. Some of these compounds may also undergo gas-phase
reactions and participate in SOA formation and then partition
to the particle phase (Donahue et al. 2013; May et al. 2013;
Alvarado et al. 2015). The extent of pollutant formation from
wildfire emissions is dependent in part on the speciation of
SVOCs and IVOCs.

Effect of fuel type and moisture on the
composition of PM; 5 smoke

The chromatograms in Fig. 2 can be directly compared
because the sampling time and flow rate of each burn
were the same. A detailed examination of mass spectra
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associated with each peak detected in these chromatograms
revealed significant changes in the composition of particles
depending on the amount and type of fuel burned (e.g., dry
vs moist PPN; dry PPN vs mixture of dry PPN + FWD). The
main peaks were detected in all chromatograms (Fig. 2)
except in the blank, although at variable abundance. The
addition of FWD to moist PPN, or dry PPN, as illustrated in
burn #14, resulted in a substantial decrease in the number
and intensity of peaks detected (Fig. 2). This is clearly
illustrated by the filter colours from burns #9, #28, and
#14, respectively (Fig. 3), indicating distinct differences in
the compounds formed from the different fuels burned.
Similar results were reported for the formation of SOA
from the oxidation of isoprene as a function of relative
humidity (Nestorowicz et al. 2018). The burn integrated
MCEs, as described previously (Urbanski 2013), ranged
from 0.91 to 0.97 (Table 3; Landis et al. 2021) representing
a range of predominantly flaming combustion conditions
(Akagi et al. 2011, 2013). This is consistent with the forma-
tion of black carbon (Fig. 4), which is formed under flaming
conditions rather than smouldering conditions (Garg et al.
2021 and reference therein). Due to soot particles collected
on filters, Fig. 4 bottom also shows photographs of the
corresponding filter extracts, which clearly displays a yellow
hue, particularly for E1 and E2, that is close in appearance
to filters previously collected in this laboratory from tolu-
ene/NOx experiments (Jaoui et al. 2008). A systematic anal-
ysis of mass spectra associated with peaks recorded in this
study, using the analysis reported by Jaoui et al. (2018),
revealed the presence of oxygenated compounds bearing
nitro groups (NACs). Therefore, the yellow colour is proba-
bly associated either with the presence of aromatic ring,
nitrogen containing compounds, and/or ketone/aldehyde
groups (Table 2) (Jaoui et al. 2008; Garg et al. 2021).
Filter/extract F4/E4 has lost most of the colour of F1/E1
and F2/E2, which is consistent with the significant decrease
in peaks detected, primarily those associated with com-
pounds containing an aromatic ring (peaks eluted between
31 and 36 min: Fig. 2). The addition of FWD to the PPN
produced material (filter F4/E4) of a deep dark colour,
likely due to soot particles formed from FWD. Finally, the
particles from the dry + moist PPN resulted in filter F2
having a pronounced yellow colour, although considerably
lighter than that from the moist or dry PPN alone. The filters
and extracts pictures were taken from the same camera, and
all conditions for taking images such as light and position
are the same.

Although a detailed qualitative analysis was performed in
this study, the concentrations of a subset of compounds of
interest, which were also found in ambient aerosol (Liang
et al. 2021, 2022), were quantified to investigate the chemi-
cal changes at the molecular level in going from dry PPN
(base case) to the other mixtures shown in Fig. 2. Table 3
presents the estimated concentrations of methylcatechol,
levoglucosan, mannosan, galactosan, p-arabitol, palmitic
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acid, dehydroabietic acid, and isocupressic acid. The quanti-
fication was performed using a single derivatisation with
BSTFA that was evaluated previously (Jaoui et al. 2004,
2006). For each compound, the extracted ion chromatogram
of the most intensive ions was used for quantification,
depending on the degree of coelution. Using our best esti-
mate of the calibration factors, concentrations for each of the
target compounds for PM, 5 samples were determined and
are provided in Table 3. Table 3 also includes the measured
PM, 5 concentration and MCE (Landis et al. 2021) and the
initial fuel mass used in each experiment. Authentic stan-
dards or surrogates for those that are not available commer-
cially were used for quantification/semi-quantification. The
chamber samples were GC-MS analysed prior to receiving
some authentic standards; therefore, no authentic standards
were used in this study for these products.

The changes in moisture content (burn #9 versus burn
#28) resulted in the product concentrations (normalised to
PM, 5) in the moist PPN burn decreasing significantly (59%
decrease in levoglucosan, 68% decrease in palmitic acid,
and 65% decrease in dehydroabietic acid). It is likely that
the production of OOCs is partially suppressed in the pres-
ence of water in the system. Burning a mixture of dry PPN
and FWD alone also resulted in a pronounced decrease in
the concentration of these products compared either to dry
PPN or moist PPN. This decrease may have resulted from a
lower combustion temperature (not measured in this study)
when a mixture of PPN and FWD is burned. The concentra-
tions of levoglucosan, mannosan, and galactosan were
found to decrease as the combustion temperature increased
(Kuo et al. 2011).

Conclusions

In the present study, laboratory experiments were con-
ducted to investigate the chemical composition at the
molecular level of PM, 5 that originated from the combus-
tion of mixed dry and moist ponderosa pine needles and in
the presence and absence of ponderosa pine fine woody
debris. Chamber PM, s collected under these conditions
has been analysed for oxygenated organic compounds bear-
ing -OH and —-COOH groups using derivatisation methods
followed by gas chromatography-mass spectrometry. While
a detailed non-targeted analysis has been made, our primary
focus has been to examine the class of compounds that may
be present in ambient aerosol affected by wildfires.

More than 50 oxygenated organic compounds bearing
-OH and/or -COOH groups were identified. Four classes
of compounds including (1) sugars and sugar alcohols,
(2) n-alkanes/fatty acids and alcohols, (3) diterpenoids,
and (4) I/SVOCs were found in each of the systems studied,
albeit at various concentrations. The major products
were levoglucosan and mannosan (sugars); n-dodecanoic
acid and n-hexadecanoic acid (alkanes); dihydroabietic
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Fig. 3. Mass spectra of TMS derivatives
recorded in methane-Cl and El (70 eV) of palmitic
acid observed in smoke particles (PM,s) collected
during pine needle combustion.
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Table 3. MCE and concentrations of PM, s and selected products identified in three experiments conducted in this study.
Type PPN dry (base) case) PPN moist PPN + FWD
Burn #9 #28 #14
MCE 0.957 0.946 0.967
PM,s (ugm™) 1814.9 541.9 715.6
Methylcatechol (Mct)
Conc. Mct (ugm~)* 0.49 0 0.02
[Mct]/[PM; 5] ratio 0.00030 0 0.00003
Percentage change - -100 —95
Levoglucosan (LG)
Conc. LG (ugm 3y 25.9 10.6 1.44
[LG)/[PM, 5] ratio 0.0143 0.0196 0.0014
Percentage change - -100 -95
Mannosan (Mn)
Conc. Mn (ug m™3)** 8.35 2.96 0.10
[Mn]/[PM, 5] ratio 0.0046 0.0055 0.001
Percentage change - —65 -99
Galactosan (Gts)
Conc. Gts (ugm~3)** 1.40 0.30 0
[Gts)/[PMy 5] ratio 0.0008 0.0005 0
Percentage change - —65 -99
D-Arabitol (Ar)
Conc. Ar (ug m~3)y#ek 0.47 0.02 0.02
[Ar]/[PMy 5] ratio 0.0003 0.00003 0.00002
Percentage change - -96 -97
Palmitic acid (PtA)
Conc. PtA (ug m 3)#et 2.18 0.69 0.17
[PtA]/[PM, 5] ratio 0.0012 0.0013 0.0002
Percentage change - —68 -92
Dehydroabietic acid (DHAA)
Conc DHAA (ugm3)* 2.47 0.86 0.09
[DHAA]/[PM; 5] ratio 0.0014 0.0016 0.00001
Percentage change - —65 -96
Isocupressic acid (ICA)
Conc. ICA (ugm3)* 0.09 0.03 0.002
[ICAJ/[PM, 5] ratio 0.00051 0.000061 0.000002
Percentage change - —64 -98

The percentage change values given in columns 3 and 4 are for going from dry PPN to moist PPN (column 3), and from dry PPN to dry PPN + FWD (column 4).
Phthalic acid (*), levoglucosan (**), and p-arabic acid (**¥) were used for quantification purposes.

acid, isocupressic acid, and dehydroabietic acid (diterpenes),
and a series of IVOCs and SVOCs. The presence of some of
these products (IVOCs/SVOCS) in the gas and particle phases
provides evidence of their gas/particle partitioning. Most
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compounds detected in ponderosa pine needle particles have
unknown health impacts and were also reported to form in
ambient particles. The present study highlights the potential
of PPN constituents and their importance and contribution to
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F1 (E1)
moist PPN

F2 (E2)
dry + moist PPN

Fig. 4.

F3 (E3)
dry PPN

F4 (E4)
dry (PPN + PPW)

Effect of fuel changes in filter (F: top) and extract (E: bottom) appearance in going from the moist PPN filter (FI) to

subsequent mixtures. Note: the same volume of air was sampled on each filter.

ambient aerosol generated during forest fires dominated by
pine trees. For example, SVOCs were reported to evaporate
from the particle phase in smoke plumes when transported
downwind, and they may react with atmospheric oxidants
leading to O3 and SOA formation (Liang et al. 2022).
Therefore, with better speciation of compounds in wildfires
and an understanding of their sources and contribution
to ambient aerosol, more targeted toxicological studies
could be carried out to elucidate their health impacts.
Furthermore, the results of this study can contribute to
more accurate exposure assessments from wildfire smoke
in general. Sugars (levoglucosan and mannosan) and diter-
penoids were observed in ambient samples in areas impacted
by wildfires. In addition to their diverse sources, the com-
bustion of pine needles as a source is demonstrated in this
paper. This study also examines the effect of fuel moisture
content level on PM, 5 and its oxygenated components.
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Supplementary material is available online.
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