5

10

15

20

25

30

35

40

Laboratory studies of fresh and aged biomass burning aerosol
emitted from east African biomass fuels - PART 2 - Chemical
properties and characterization

Damon M. Smith,'*" Tianqu Cui,** Marc N. Fiddler,’ Rudra P. Pokhrel,' Jason D. Surratt,”
Solomon Bililign'"

1. Department of Physics, North Carolina Agricultural and Technical State University, Greensboro, NC, 27411

USA,

2. Applied Sciences and Technology Program, North Carolina A&T State University, Greensboro, NC 27411,
USA,

3. Department of Chemistry, North Carolina Agricultural and Technical State University, Greensboro, NC,
27411, USA

4. Department of Environmental Science and Engineering, Gillings School of Global Public Health, University of
North Carolina, Chapel Hill, NC, 27599 USA

# Current Address: Department of Chemistry and Physics, Western Carolina University, Cullowhee, NC 28723
& Current Address: Laboratory of Atmospheric Chemistry, Paul Scherrer Institute, Villigen 5232, Switzerland
* Correspondence: Bililign@ncat.edu; Tel.: (+13362852328);

Abstract: There are many fuels used for domestic purposes in east Africa, producing a significant atmospheric burden
of the resulting aerosols, which includes biomass burning particles. However, the aerosol physicochemical properties
are poorly understood. Here, combustion of Eucalyptus, Acacia, and Olive fuels were performed at 500 and 800 °C
in a tube furnace, followed by immediate filter collection for fresh samples or introduction into a photochemical
chamber to simulate atmospheric photochemical aging under the influence of anthropogenic emissions. The aerosol
generated in the latter experiment was collected onto filters after 12 hours of photochemical aging. 500 and 800 °C
were selected to simulate smoldering and flaming combustion, respectively, and to cover a range of combustion
conditions. Methanol extracts from Teflon filters were analyzed by ultra-performance liquid chromatography
interfaced to both a diode array detector and an electrospray ionization high-resolution quadrupole time-of-flight mass
spectrometer (UPLC/DAD-ESI-HR-QTOFMS) to determine the light-absorption properties of biomass burning
organic aerosol constituents chemically characterized at the molecular level. Few chemical or UV/Visible differences
were apparent between samples for either fuel when combusted at 800 °C. Differences in single scattering albedo
(SSA) between fresh samples at this temperature were attributed to compounds not captured in this analysis, with
eucalyptol being one suspected missing component. For fresh combustion at 500 °C, many species were present,
where lignin pyrolysis and distillation products are more prevalent in Eucalyptus, while pyrolysis products of cellulose
and at least one nitroaromatic species were more prevalent in Acacia. SSA trends are consistent with this, particularly
if the absorption of those chromophores extends to the 500 — 570 nm region. Upon aging, both show that resorcinol
or catechol was removed to the highest degree, and both aerosol types were dominated by loss of pyrolysis and
distillation products, though both differed in the specific compounds being consumed by the photochemical aging

process.
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1 Introduction

This is the second part of a two-part laboratory measurement of optical and chemical properties of biomass
burning (BB) aerosols emitted by east African fuels, focused on chemical properties. Biomass fuels were combusted
at two different temperatures: Combustion at 500 °C corresponds to a smoldering-dominated fire, which leads to the
formation of large quantities of molecular organic compounds and brown carbon (BrC) constituents in the resulting
aerosol (Collier et al., 2016). These smoldering BB aerosols typically have modified combustion efficiency (MCE)
values < 0.9. Combustion at 800 °C corresponds to a flaming-dominated fire that mainly forms black carbon (BC)
aerosols (Reid et al., 2005), with MCE values > 0.9. Given the lack of MCE measurements in wildfires or in-cook
stoves in east Africa, a range of combustion conditions were covered in this work. This also highlights the paucity of
available measurements of combustion conditions in Africa and the need for such measurements, so that appropriate
laboratory scale experiments can be performed.

A soot photometer aerosol mass spectrometer (SP-AMS) characterization of the chemical composition of
BC-containing aerosol emitted by BB fuel sources was conducted during the Fire Lab at Missoula Experiments
(FLAME) (McClure et al., 2019;May et al., 2014). The work focused on analyzing variations in the particle
composition as a function of fuel and combustion conditions. Differences in the refractory black carbon (rBC) were
observed with some fuel sources. Organic species were found to vary by orders of magnitude relative to rBC,
depending on the fuel source. Chemical differences were also observed between the aged and fresh samples (Fortner
etal., 2018).

A component of organic aerosol, BrC, has emerged as a significant type of BB aerosol. Also known as light-
absorbing organic carbon, BrC in atmospheric particles has received much attention for its potential role in global
radiative forcing (Qin et al., 2018). Primary organic aerosol (POA) contributes an estimated 10% of total solar
absorption by BB aerosols, while aged OA contributes an estimated 30%, making secondary organic aerosol (SOA)
production an important source of BrC (Kumar et al., 2018). As few as 20 =25 BrC chromophores are responsible for
40-50% of total UV absorbance in the 300 — 500 nm range (Laskin et al., 2018). While several field measurement
campaigns have differentiated light absorption by BC and BrC, the chemical characteristics of BrC are not currently
well understood (Qin et al., 2018).

BrC is often associated with emissions from incomplete combustion (Andreae and Gelencsér, 2006), but can
also form via secondary reactions in the atmosphere (Laskin et al., 2015). Aerosol obtained from 500 °C burn classified
as BrC aerosol are spherical in morphology as seen in the TEM images and are yellow-brown in color due to values
of the imaginary portion of the refractive index (k) that increase sharply toward shorter visible and ultraviolet
wavelengths (Bond and Bergstrom, 2006). BrC is comprised of a wide range of poorly characterized compounds
exhibiting highly variable light-absorption properties, with reported x values spanning two orders of magnitude (Saleh
et al., 2013;Chen and Bond, 2010;Kirchstetter et al., 2004;McMeeking et al., 2009). Its optical properties have been
shown to change through atmospheric processing, such as oxidation, absorption of solar radiation leading to particle-
phase reactions, and aqueous-phase processing within aerosol particles (Lambe et al., 2013;Lambe et al., 2011;Sareen

etal., 2013;Lee et al., 2014;Zhao et al., 2015;Nguyen et al., 2012;Laskin et al., 2015).
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These factors make the chemical composition of BrC dependent on location and source of fuel (Laskin et al.,
2015;Moise et al., 2015). Many BrC chromophores vary significantly among biomass species, although some, such
as sinapaldehyde and coniferaldehye are common among certain types of biomass fuels, such as angiosperms and
gymnosperms, respectively. Other chromophores depend on combustion conditions, such as vanillic acid, which has
only been observed as a product of smoldering combustion, when the MCE is low (Fleming et al., 2019). Further, an
effect known as photo-bleaching can occur, where POA chromophores can lose their absorptivity or be destroyed
entirely when irradiated by UV light for several hours (Laskin et al., 2018). Since the light-absorption spectra of
organic compounds is dependent on their molecular structure, identifying atmospheric chromophores making up BrC
is essential for understanding the changes in aerosol optical properties (Moise et al., 2015;Kitanovski et al.,
2012a;Mohr et al., 2013;Teich et al., 2017;Zhang et al., 2013). Several recent studies have shown that BrC cannot be
separated or easily distinguished from the rest of the organic aerosol (Saleh, 2020). BrC is classified into four optical
regions as a continuum associated with a continuum of physicochemical properties, including molecular sizes,
volatility, and solubility(Saleh et al., 2018;Saleh, 2020) . The language used in this work for BrC was mainly to
contrast it with BC, based on the combustion temperature, which is decidedly a different component of aerosol, even
if inextricably mixed in BBA.

In the companion paper, Part I, we described the laboratory measurements of a fuel specific study of the
optical properties of BB aerosol emitted by three different fuels sourced from east Africa (Smith et al., 2020). This
study was conducted under different aging and combustion conditions using a tube furnace and indoor smog chamber.
Optical properties were measured for BB aerosols produced under smoldering and flaming conditions for each fuel
type. For each combustion condition, we reported the measured optical properties. These include scattering and
extinction cross sections, single scattering albedo (SSA), absorption and extinction for fresh emissions, emissions
aged in the dark and emissions photochemically aged in the absence of added volatile organic compounds (VOCs)
and with VOCs added to represent urban emissions from a representative African megacity. In this part of the
manuscript, we report the chemical composition of fresh and BB aerosols photochemically aged in the presence of
VOCs, which were combusted at two different temperatures and collected onto filters.

Identifying the light-absorbing chromophores and non-absorbing aerosol constituents by chemically
characterizing BrC is a challenging task (Lin et al., 2015b). In this Part 2 manuscript, ultra-performance liquid
chromatography (UPLC) was interfaced to both photodiode array spectrophotometry (or DAD) and high-resolution
quadrupole time-of-flight mass spectrometry (HR-QTOFMS) to chemically characterize BrC chromophores at the
molecular level for both fresh and aged emissions, and is compared with similar measurements for BC. This technique
(i.e., UPLC/DAD-ESI-HR-QTOFMS) has previously been used for the molecular level characterization of BrC
constituents in laboratory-generated SOA (Lin et al., 2015a;Lin et al., 2016;Lin et al., 2014) and in ambient aerosols
and cloud water impacted by BB (Kitanovski et al., 2012b;Budisulistiorini et al., 2017;Zhang et al., 2013).

2 Experimental methods
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In companion paper Part I, (Smith et al., 2020) we described the aerosol generation and combustion system,
the smog chamber characteristics, and the aging conditions and process. A summary is provided here. For laboratory
samples, BB aerosols were generated by combusting 0.5 g of biomass samples in a tube furnace (Carbolite Gero,
HST120300-120SN). Smoke and gases produced from combustion were sent directly into the smog chamber via a
heated (200 °C), % inch corrugated stainless-steel transfer tube. The North Carolina A&T State University (NCAT)
indoor smog chamber has a volume of 9.01 m® and is lined by FEP Teflon. Two sides of the chamber each have a
bank of 32 ultraviolet (UV) lights (Sylvania, F30T8/350BL/ECO, 36"), for a total of 64 lamps, to produce
photochemical reactions. For the purposes of this experiment, a clean environment is maintained by flushing the smog
chamber for at least 24 hours with clean air coming from a clean air generator until negligible particle concentrations
are reached.

The particle size distribution was continuously measured during the experiments. In general, it took about
15-20 minutes for the size distribution to become a Gaussian distribution. In addition, we checked the total mass
concentration reported by the aerosol instrument manager software and confirmed that after 15-20 minutes of
combustion the mass loading become stable. We characterized this as a well-mixed condition in the chamber. An
example of the size distribution for each fuel during an experiment is given in Figure S1.

For this study, authentic fuel plants were obtained from east Africa. These samples were weighed on a
calibrated analytical balance so that it would approximately yield a total aerosol loading representative of a particular
scenario (urban, wildfire, etc.). We utilized previously measured emission factors (Akagi et al., 2011;Simoneit,
2002;Yokelson et al., 2013;Andreae and Merlet, 2001), such as 18.5+4.1 g PM,o kg wood (dry weight) for tropical
forest fuels (Akagi et al., 2011). For instance, to achieve a mass loading of 1100 ug m™, which is the mean loading
found in urban/suburban residential locations (Oyem and Igbafe, 2010), 0.5 g of wood was burned in these
experiments. As determined by SMPS spectra and assuming a particle density of 1 g cm, typical peak particle
concentrations were 800-900 pg m ™ for combustion at 500 °C and ~80 pug m™ for combustion at 800 °C. Since aerosol
densities are generally larger than 1 g cm, our estimated mass represents the lower limit of the actual values.

Optical measurements were performed after the chamber was mixed, since they could not be taken directly
from the furnace, given the long measurement time and high particle concentrations. While several types of aging
were performed in Part 1, the work presented here focuses on photochemical aging with anthropogenic VOCs,
specifically benzene, toluene, and xylene. No other atmospherically active species were added, such as HONO, NOx,
03, etc., aside from those produced during combustion or resulting from photochemical aging. VOCs were injected
into the chamber just before combustion while the UV lights are turned off, followed by 12 hours of irradiation. While
this is somewhat long for a chamber experiment, this length of time would represent a maximum change upon
photochemical aging. Details of VOC addition is discussed in the first part of this paper (Smith et al., 2020). The
purpose of adding the VOCs was to represent a polluted urban environment, where we used the emission inventory
for urban environments from South Africa. This does not necessarily represent the east African emission inventory,
but this serves as a baseline, since this is the only available data to us for the continent Anthropogenic VOC
concentrations were based on observations from several urban sites that were in the South African Air Quality

Information System (SAAQIS). Average values for mid-July, the middle of the peak burning season for South Africa
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for the year 2016, were ~1.25, 3.5, and 1.5 ppm for benzene, toluene, and xylene, respectively. While these ratios were
maintained in this chamber work, amounts introduced into the chamber were ~12 times more concentrated (15, 42,
and 18 ppm, respectively) due to sample preparation constraints, since the amounts needed for an exact match were
too small to weigh accurately. In previous work, the total particle volume concentration (nm® cm ) was found to
undergo a first order decay (Smith et al., 2019). The loss rate constant for this process was (1.34 = 0.02) x 10~ min~
!, which corresponds to a lifetime of 12.4 hours, so these samples underwent ~1 lifetime of particle losses. The
chamber relative humidity was 0% or under the detection limit of the measurement device. Chamber temperature was

20 = 23 °C, depending on the temperature of the room. The temporal evolution of chamber temperature and other

characteristics have been extensively investigated for the NCAT indoor smog chamber (Smith et al., 2019).

2.1 Fuel types and condition

Eucalyptus, Acacia, and Olive have many things in common besides their wide distribution of growth. All
are Angiosperms and Eudicots. Acacia and Eucalyptus are more closely related, with both belonging to the Rosid
clade, while Olive is an Astrid. This is where their evolutionary similarities end, with Acacia, Eucalyptus, and Olive
in the orders Fabale, Myrtale, and Oleaceae, respectively. The common names of these species, followed by their
botanical author citation are Eucalyptus (L’Hér), Acacia (Mart.), and Olive (L.). The fuel moisture content was 10%.
As such, they had minimal moisture content and the fuels studied in this work are likely most relevant for situations

where these fuels are combusted in home heating and cooking or as the litter component of wildfires.

2.2 Collection of filter samples

BB acrosols were collected onto 47-mm Teflon filters (Tisch Environmental, SF18040) for chemical analysis
and tunneling electron microscope (TEM) grids (Ted Pella, 01844, carbon film on 400 mesh copper) for image
analysis. For fresh BB aerosol, these samples were collected inline immediately after the furnace, only allowing
enough distance from the furnace for the sample to cool before reaching the filters. This allowed fresh samples to be
collected as close to the initial combustion as possible. Flow of the aerosol through the Teflon filter was driven by the
chamber instrumentation, specifically the CO and CO, analyzers, at ~2.5 L min™', while flow through the TEM grid
was provided by a modified aquarium pump at 0.5 L min”'. With the output from the furnace at 10 L min™, pressure
was maintained through the system by diverting the excess flow (7 L min™) to the exhaust. Samples were collected
for the duration of the burn, which was typically around 10 minutes. In this manner, approximately 25% and 5% of
the total BB aerosol were collected onto the Teflon filter and TEM grid, respectively, after losses in the tube furnace
and transfer tubing.

For aged BB aerosol, samples were taken directly from the chamber. Since the aerosol had already been
diluted in the chamber, a larger sample volume was necessary for deposition onto the filters. For these samples, aerosol
was taken from one of the chamber outputs, with a combined flow of 5 L min™ through the Teflon filter and TEM

grid setup produced by a separate pump. Samples were collected for 18 min, which corresponded to 90 L of chamber
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air, or ~1% of the total chamber volume. With aged filter samples taken after approximately 24 hours in the chamber,
particle concentration had been significantly reduced since initial combustion, due to particle loss and dilution.
However, the resulting samples were still large enough to be seen by the naked eye on the filter paper. Unused filters
underwent the same extraction process as the sample filters to serve as a blank sample.

We estimated the approximate mass loading in the chamber during each combustion case by converting the
SMPS size distribution into the total mass by assuming a density of 1 g cm™. Our estimated mass represents the lower
limit of the actual values. During the 500 °C combustion cases, the typical concentration of aerosol after being well
mixed was about 800 pg m™, while that of the 800 °C cases was about 100 ug m™. After 12 to 15 hours of aging, the
initial mass loading was reduced by a factor of two, with a resulting concentration of about 400 pg m™ and 50 pg m”

during the 500 °C and 800 °C combustion cases, respectively.

2.3 UPLC/DAD-ESI-HR-QTOFMS

An Agilent 1200 Series UPLC system interfaced to a 6520 Series Accurate Mass Q-TOFMS instrument
(Agilent Technologies, Santa Clara, CA) and equipped with an ESI source (Lin et al., 2014) was operated in negative
ion mode to chemically characterize BB organic aerosol (BBOA) constituents in filter samples collected from the tube
furnace for fresh emissions and from the smog chamber for aged experiments. In brief, chromatographic separations
were carried out using a Waters ACQUITY UPLC HSS T3 C;g column (2.1x100 mm, 1.7 pum particle size, Waters
Corporation, Milford, MA) at 45 °C. The mobile phases consisted of eluent (A) 0.1% acetic acid in ultrapure water
(>18 MQ cm), and eluent (B) 0.1% acetic acid in pure methanol (99.9%, Fisher Chemical). The gradient elution
program was as follows: eluent (A) held at 100% from 0 = 2 min, decreased linearly to 10% from 2-10 min, held
constant at 10% between 10 —11 min, increased linearly to 100% from 11-15 min, and held constant at 100% during
a 5-min post run for column re-equilibration. The sample injection volume was 5 pL at a flow rate of 0.3 mL min .
A diode array detector (DAD) between the UPLC system and the mass spectrometer was operated to measure UV-
visible (UV-vis) absorbance from 200 to 800 nm with a step of 2 nm. At the beginning of each analysis period, the
mass axis of the Q-TOFMS was calibrated using a commercially available ESI-L low-mass tuning mixture (Agilent
Technologies, Santa Clara, CA) containing seven masses ranging from 60 -1700 Da. For real-time mass correction, a
solution containing 3 reference mass components was continuously infused for real-time mass axis correction
(calibration). The resultant mass resolution of the ESI-HR-QTOFMS over m/z 60 =1700 ranged from ~11,000 at the
low mass end to ~17,000 at the high mass end. Raw data were acquired and processed with MassHunter Software

(Version B.06.00, Build 6.0.633.0, Agilent Technologies, Santa Clara, CA).

2.4 Sample preparation and BrC identification

Filter samples collected as described in the last section were extracted individually in 22 mL of pure methanol
by sonication for 45 minutes, blown dry under a gentle nitrogen stream at room temperature (21-22°C), and
reconstituted in 300 pL of 50:50 (v/v) methanol/water solvent mixture for the subsequent UPLC/DAD-ESI-HR-
QTOFMS analysis. While the water-soluble fraction of BrC is less than 70%, almost 90% of BrC can be extracted by

organic solvents, such as methanol. Furthermore, the water-insoluble fraction of BrC is more absorbing than the water-

6
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soluble fraction (Lin et al., 2017;Bergstrom et al., 2007;Laskin et al., 2018). Immediately prior to analysis, each
reconstituted extract was filtered through a PTFE syringe filter (Agilent, 0.2-um pore size) to remove undissolved
particles such as soot components. A similar procedure was used by other research studies (Kumar et al., 2018;Jiang
et al., 2019).

Previous work went into quantifying BrC aerosol constituents identified by UPLC/DAD-ESI-HR-QTOFMS,
seven external (2-nitrophenol, 4-nitro-1-naphthol, 4-methyl-5-nitrocatechol, vanillin, vanillic acid, coniferaldehyde,
and benzoic acid) commercially-available authentic standards were prepared for 6-point calibration curves from 0.004
-10 pg mL™”, with detection limits below 0.004 ug mL™. While several of these methods were done in this work,
determining the absolute quantity of a BrC constituent was not pursued. From the previous tests of quality control, the
recovery rate of ketopinic acid was ~90% among 20 BB aerosol samples with the same extraction process with
methanol and the UPLC/DAD-ESI-HR-QTOFMS method. Two filter samples (with the collected PM, s masses > 1
mg) were re-extracted using 70:30 (v/v) acetonitrile/toluene solvent mixture. Most of the identified BrC species were
below detection limit from this second extraction, suggesting excellent extraction efficiency for the first time with
methanol. Only a few BrC aerosol constituents (e.g., vanillic acid, coniferaldehyde) were detected from the second
extraction, but their abundance was lower than 1.5% of that from the first extraction. The only exception was 2-

nitrophenol, whose extraction efficiency using methanol was ~55% for the first time.

2.5. Non-targeted analysis

Non-targeted MS analyses were performed to compare the filter samples collected from the smog chamber
experiments under different conditions, such as fuel type, combustion temperature, and aging, to reveal the major
molecular secondary BBOA products, with a focus on BrC. The raw data files acquired from UPLC/ESI-HR-
QTOFMS were first transformed into “.mzData” format by Agilent MassHunter and then processed by the online

metabolomics platform XCMS (https://xcmsonline.scripps.edu/) (Tautenhahn et al,, 2012). During this

transformation, only peaks that had intensities above 0.6% of the base peak were selected. Workflow parameters were
adopted from previous work with modifications (Tian et al., 2017). In brief, the “centWave” algorithm was used for
peak detection, with a peak width range from 5 = 60 seconds, and the mass error tolerance was set at 20 ppm. Peak
alignment required an m/z width (mzwid) at 0.025. Generally, around 30 major BBOA constituents were filtered out
by XCMS, and were then examined in MassHunter to make sure they possessed good peak shapes and were not present
in the filter blank samples. The resulting blank and sample chromatograms are presented in Figure S2.

The following data fields were used for each compound returned by the XCMS platform: median m/z ratio,
median retention time (rt), and the intensities for each sample in the pairwise comparison. Compounds with a similar
m/z ratio, regardless of observed retention times had their relative intensities combined, as they most likely returned
the same chemical formula. Later, for relatively large peaks with slightly different median m/z values, when species
were found to have the same molecular formula, as determined by MassHunter (see below), their ion intensities were
also combined. The amount of aerosol varies significantly from sample to sample, especially between fresh filter
samples collected directly from the furnace during combustion and aged filter samples collected from the chamber,

with the former always being much greater. Due to the lack of authentic standards for quantifying individual BBOA,

7
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these masses were not determined at the time of their collection, and their spectral intensities could not be normalized
to a specific aerosol mass or tracer for aerosol mass. As such, no direct comparison between samples could be made
without first normalizing spectra. We normalized the intensity data by generating a scaled intensity difference between

the samples using the following equation:

X1 Xo
Sxii o S v
where x, is the intensity from the first sample and x, is the intensity from the second sample, and each term represents
the fractional integrated ion intensity of their respective samples. Positive values indicate that a compound was more
abundant in the first sample, while negative values indicate that a compound was more abundant in the second sample.
The results of the XCMS platform were then sorted to exclude any absolute scaled intensity differences less than 0.5
%, which left around 30 compounds or fewer to identify for each pairwise comparison.

The MassHunter software was then used to confirm and identify the compounds found by the XCMS
platform. For each pairwise comparison, extracted-ion chromatograms (EICs) were generated for both samples and
any relevant blank samples for each of the m/z ratios found by XCMS. MS results were then generated from any peaks
found in the EICs. MassHunter’s built-in formula generator was used to identify the most likely compounds associated
with the m/z ratio and retention time identified by XCMS. These chemical formulas, along with their double bond
equivalent (DBE), mass difference, and number of chromatographic peaks (at different retention times, most likely
isomers of the compound) were cataloged, with updated m/z ratios and retention times, as identified by MassHunter.
Lastly, suggested identities were assigned to each chemical formula based on relevant literature. Any compounds that

were also found in the blank sample(s) were removed from the catalog.
2.6 UV/Visible analysis

The UV/Visible spectra in this work were not done for specific molecular species, but for all molecular
species that were extracted and chromatographically/spectroscopically measured. Spectra were derived by integrating
across the entire chromatogram within MassHunter. Each was background subtracted from a blank run, though the
resulting spectra could not be compared directly because of the reasons mentioned earlier. Since some negative
absorption values were produced after background subtraction, baseline values were shifted such that the smallest
absorption intensity above 250 nm was made barely positive (by 0.00001 mAU) and all values were divided by the
spectral maximum to produce a peak value of 1 in the 250 — 800 nm range. The reason all values were made slightly
positive was that it enabled the determination of a normalized Angstrom absorption exponent (NAAE). Because the
baseline was shifted to allow for a log plot, this is mathematically different than the AAE, and should only be used
for comparison purposes. With a focus on the 500 = 570 nm region, the NAAE and the normalized slope vs.
wavelength was determined. Heat map chromatograms of absorption vs wavelength and retention time are given in

Figure S3.
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3.1 MS analysis of fresh emissions

Because the chemical measurements of the BB aerosols derived from Acacia and Eucalyptus fuels were the
most robustly sampled in this work, a comparison of those results is presented here, though a few references to Olive
will be made. Figure 1 shows the UPLC/ESI-HR-QTOFMS negative ion mode difference spectra produced for these

310 BB acrosol types. Peaks that are positive are more abundant in the Acacia-derived BB aerosol sample, while negative
peaks are more present in the Eucalyptus-derived BB aerosol sample. Table 1 highlights the molecular differences
between the BB aerosols derived from freshly combusted Acacia and Eucalyptus fuels, showing the scaled intensity
difference for species with an absolute difference greater than 0.5 %, the mean peak m/z, the mass difference between
the measured and the monoisotopic mass of the formula determined using MassHunter (listed here as a measure of
formula identification quality), the determined formula, the double bond equivalence (DBE) of the formula, the
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number of chromatographic peaks seen from an EIC, and the suggested identity based on the formula and relevant

literature.
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Figure 1. A comparison of fresh Acacia and Eucalyptus fuels combusted at 500 °C (above) and 800 °C (below) in terms of the

scaled intensity difference (see section 2.5). Species more present in Acacia-derived BB aerosols have positive values (blue lines),
while those more present in Eucalyptus-derived BB aerosols have negative values (red lines). Peaks in lighter colors were present
in the XCMS analysis but were found to be present in significant amounts in the blank sample. Many of these peaks that were
found in the blank extend past the scale of the plot but were cut off to focus on species associated with BB aerosol. Compounds
having an absolute difference greater than 0.5% have been labeled. Far more differences are revealed at the lower temperature burn

and different classes of compounds are expressed in different relative amounts for Acacia and Eucalyptus combustion.

Table 1. Molecular differences between fresh Acacia- and Eucalyptus-derived BB aerosols emitted by combustion at
500 °C (upper section) and 800 °C (lower section), measured by negative ion mode UPLC/ESI-HR-QTOFMS
analysis. Species are ordered in terms of increasing scaled intensity difference, with positive values associated with
Acacia-derived BB aerosols and negative values associated with Eucalyptus-derived aerosols. The mass difference is
calculated as the difference between the observed median mass and the monoisotopic peak (typically singly
deprotonated) of the formula determined using MassHunter. Peak counts labeled ‘M’ have multiple indistinct peaks,
while those labeled ‘W’ elute over a very long retention time (1—4 minutes), both of which could easily consist of
several isomers. Suggested species marked with an asterisk can, and likely do, have multiple isomers present. Those
marked with a “t’ are tentative assignments. Identities marked with a dagger (') have been confirmed against an
authentic standard. See the supplemental information tables for associated retention times, wherein retention times in

bold are associated with an authentic standard.
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Scaled Mass

Intensity Difference # of
Difference m/z (ppm) Formula DBE Peaks Suggested Identity
-1.831%  151.0403 -0.95 CsHs05 5 5 E;g‘rggly’;sfsiﬁﬁy"ﬁbenzow acid,* or
-1.822%  137.02442 0.72 C;HeO5 5 4-5  salicylic acid* or dihydroxybenzaldehyde*
-1.526%  109.02969 -3.37 CcHgO2 1 dihydroxybenzene
-1.459%  121.02951 -0.59 C,HsO, 5 3 benzoic acid'and hydroxybenzaldehyde*
0.998%  181.05101 0.3 CoH1O4 5 3 L‘ggﬂ?’vsflsl;‘;nag";f;éh‘;‘ifh"Xybenz‘”c
-0.801%  177.05542 1.16 C10H1005 6 1 coniferaldehyde’
-0.790%  207.06602 1.5 C11H 204 6 1 sinapaldehyde
-0.691%  123.04541 -0.81 C;Hs0, 4 2 guaiacol*
hydroxy-methoxyacetophenone* (apocynin,
-0.677% 165.05548 5 CoH ;003 5 M paeonol, etc), caffeyl alcohol*,
veratraldehyde,* or phloretic acid*
O -0.647% 277.21747 -1.11 Ci5H300, 4 1 octadecatrienoic acid (likely linolenic acid)
§ 0.616%  221.06665 061 CyH O, 5 12 ;l(i:}il(){groxydimethoxyoxane-2—carboxylic
-0.545% 163.0399 nc CyoH3O3 6 8+ caffeic aldehyde,* coumaric acids*
-0.510%  167.03508 -0.03 CsHsO4 5 3+ vanillic acid*"
-0.499%  203.07032  -10- 10 % 17211;111221\0]23005 72°f w gﬁxﬁf::itgoxycoumarm* or glycyl-
anisaldehyde*, acetophenone,
0.543% 135.04513 -2.25 CsHgO, 5 2 methylsalicylaldehyde*, or methylbenzoic
acid*
0.545% 181.07191 -1.1 CeH 1406 0 4 mannitol, sorbitol, or galactitol
0.612% 133.05005 3.92 CsH;¢O4 1 1 deoxyribose or monoacetalglycerolt
0.994% 666.05964 - - - 1 too many options
2.293% 191.0198 -2.5 CcHsO4 3 W citric acid
3.190% 152.03565 40 CH,NO; 5 1 nitroanisole*, nitrocresol, or nitrobenzyl
alcohol*
O -0.556%  96.960662 9 CsH4Op6 7 1 dihydroxyphthalic acid
= 0.497% 397.27546 - - - 1 too many options
2 0.560%  666.05967 - - - 1 too many options
0.789% 982.993 - - - W no formula found

Except for dihydroxyphthalic acid and other tentatively assigned compounds, there is very little difference

345 between the two fuel types when they are combusted at 800 °C. This is consistent with previous work, where flaming
combustion leads to formation of predominantly BC aerosol (Reid et al., 2005). The modified combustion efficiencies

(MCE), discussed in companion paper (Part I), were 0.974 £+ 0.015 when averaged from 12 different burns performed

at 800 °C, which supports that these aerosols represent particles that were emitted during the flaming stage of
combustion, which is dominated by BC aerosol. Since most of the chemical differences between samples are very

350 small, this suggests that either very few BrC species are produced for either fuel, or there are numerous species that
are essentially the same between the samples. In Part I, Eucalyptus was shown to have a higher SSA, ~0.43 for 300

nm particles, than Acacia, which is more absorbing and has an SSA of ~0.3 at that size (see Figures 3 and 4 of Part I).
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This would suggest that Eucalyptus has more non-absorbing OA, or at least less absorbing than BC. It is unlikely that
dihydroxyphthalic acid would produce a significant, but wavelength dependent, absorption in the 500-570 nm region
of the spectrum. Conversely, it is Acacia that appears to have many more low-abundant organic constituents. This
suggests one or more of the following: 1) that Eucalyptus has significantly more complex combustion products than
Acacia, such that their abundances fall below the lower threshold of XCMS analysis; 2) that Eucalyptus combustion
products are either unresponsive in the negative ion mode of the UPLC/ESI-HR-QTOFMS analysis, such as having
very high molecular weights (MWs), which prevents them from eluting off the UPLC column, or having no acidic
functionalities; 3) that those products are not extractable by methanol; 4) that those products are semi-volatile and
were removed during the offline sample processing for UPLC/DAD-ESI-HR-QTOFMS analyses; or 5) that
differences between the observed SSA values are due to morphology differences. Very high MW compounds, such as
PAHs, are potentially present, but it is unlikely that such large molecules would lack the ability to absorb light (see
Section 3.3) to produce a more scattering aerosol for Eucalyptus, thus discounting part of reason 2. Negative ion mode
ESI is known to bias detection in favor of acidic compounds, such as those with carboxylic acids, nitroaromatics,
sulfated organics, and those that have sufficiently acidic -OH groups. Given that light-absorbing OA seems
significantly soluble in methanol (Kumar et al., 2018), reason 3 is also unlikely. If one assumes that XCMS is capturing
the complexity of molecular species, it is likely that Eucalyptus products are low MW species that are semi-volatile,
that those low MW species are not captured by UPLC/DAD-ESI-HR-QTOFMS analyses, that the observed differences
in SSA are due to morphology differences, or a combination of the three. One potential explanation would be a
compound such as eucalyptol (1,8-cineole), which is a large fraction of Eucalyptus oil, that is a cyclic ether that lacks
any basic functionality, has good solubility in alcohols, and does not absorb in the UV and visible. When extracting
essential oil from Eucalyptus leaves by water-steam distillation, an oil yield of 0.3 — 2.0% (dry wt.) was produced of
which 7 — 75% was eucalyptol, depending on the species (Masamba et al., 2001;Subramanian et al., 2012). The
presence of such a compound should be apparent under positive ion mode ESI or atmospheric pressure chemical
ionization MS analysis and possibly FT-IR if present in sufficient quantities.

Combustion of each fuel at 500 °C presents a very different picture, not only because of the number of species
differentiated by their mass, but also the number of isomers present for each mass. The number of chromatographic
peaks in the EICs are listed for each mass in Table 1. In that table, all species are present in both samples to differing
degrees, except for octadecatrienoic acid, which is likely linolenic acid, and is only present in Eucalyptus.
Demonstrating this complexity, for instance, m/z 151.04 was vanillin (a hydroxy methoxy benzaldehyde confirmed
with an authentic standard) (Budisulistiorini et al., 2017) and hydroxyanisaldehyde and/or methoxybenzoic acid (such
as anisic acid), but consists of five isomers, likely differing in the placement of functional groups along the aromatic
ring. These are previously observed lignin pyrolysis products (Simoneit, 2002) that are more prevalent in Eucalyptus.
This includes only one isomer of dihydroxybenzene, which is likely catechol (Simoneit, 2002), though resorcinol is
also possible, since it has been observed in gas-phase measurements of prescribed fires (Yokelson et al., 2013). At
least four isomers of hydroxybenzoic acid, such as salicylic acid, and/or dihydroxybenzaldehyde, are present and more
abundant in Eucalyptus. While these compounds have the same structural motifs as other lignin pyrolysis products,

only salicylic acid (Fleming et al., 2019) and 4-hydroxybenzoic acid (Bi et al., 2008) have been observed previously
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as BrC chromophores associated with BB, which suggests that there are at least two other unidentified isomers. Other
lignin pyrolysis products are noticeably more abundant for Eucalyptus combustion at 500 °C and are likely BrC
chromophores, such as benzoic acid (confirmed by an authentic standard) and two isomers of hydroxybenzaldehyde
at m/z 121; homovanillic acid, dimethoxybenzoic acid, and/or syringaldhyde (3 isomers observed) at m/z 181
(Simoneit, 2002); coniferaldehyde at m/z 177 (confirmed); sinapaldehyde (and not another isomer) at m/z 207
(Fleming et al., 2019); guaiacol and some other isomer at m/z 123; and the ubiquitous vanillic acid at m/z 167
(confirmed) (Fleming et al., 2019;Simoneit, 2002). Distillation products more prevalent in Eucalyptus include an
indistinct number of isomers of hydroxy-methoxyacetophenone (e.g. apocynin or paconol)