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Abstract. There are many fuels used for domestic pur-
poses in east Africa, producing a significant atmospheric bur-
den of the resulting aerosols, which includes biomass burn-
ing particles. However, the aerosol physicochemical prop-
erties are poorly understood. Here, the combustion of eu-
calyptus, acacia, and olive fuels was performed at 500 and
800 ◦C in a tube furnace, followed by immediate filter col-
lection for fresh samples or introduction into a photochem-
ical chamber to simulate atmospheric photochemical aging
under the influence of anthropogenic emissions. The aerosol
generated in the latter experiment was collected onto fil-
ters after 12 h of photochemical aging. 500 and 800 ◦C were
selected to simulate smoldering and flaming combustion,
respectively, and to cover a range of combustion condi-
tions. 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 ab-
sorption properties of biomass burning organic aerosol con-
stituents chemically characterized at the molecular level. Few
chemical or UV–visible (UV: ultraviolet) differences were
apparent between samples for the fuels when combusted at
800 ◦C. Differences in single-scattering albedo (SSA) be-
tween fresh samples at this temperature were attributed to

compounds not captured in this analysis, with eucalyptol be-
ing one suspected missing component. For fresh combustion
at 500 ◦C, many species were present; lignin pyrolysis and
distillation products are more prevalent in eucalyptus, while
pyrolysis products of cellulose and at least one nitro-aromatic
species were more prevalent in acacia. SSA trends are con-
sistent with this, particularly if the absorption of those chro-
mophores 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 they dif-
fered in the specific compounds being consumed by the pho-
tochemical aging process.

1 Introduction

This is the second part of the two-part laboratory measure-
ment of the optical and chemical properties of biomass burn-
ing (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
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et al., 2016). These smoldering BB aerosols typically have
modified combustion efficiency (MCE) values< 0.9. Com-
bustion 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 mea-
surements for wildfires and cookstoves 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 mea-
surements 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) (Mc-
Clure et al., 2020; May et al., 2014). The work focused on an-
alyzing 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 dif-
ferences were also observed between the aged and fresh sam-
ples (Fortner et al., 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 radia-
tive 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 im-
portant source of BrC (Kumar et al., 2018). As few as 20–
25 BrC chromophores are responsible for 40 %–50 % of to-
tal ultraviolet (UV) absorbance in the 300–500 nm range
(Laskin et al., 2018). While several field measurement cam-
paigns have differentiated light absorption by BC and BrC,
the chemical characteristics of BrC are not currently well un-
derstood (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). Aerosols obtained from a 500 ◦C burn classified as
BrC aerosol are spherical in morphology as seen in trans-
mission electron microscopy (TEM) images and are yellow–
brown in color due to values of the imaginary portion of the
refractive index (κ) that increase sharply toward shorter visi-
ble and ultraviolet wavelengths (Bond and Bergstrom, 2006).
BrC is comprised of a wide range of poorly characterized
compounds exhibiting highly variable light absorption prop-
erties, with reported κ values spanning 2 orders of magni-
tude (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 and the absorption of solar radiation, lead-
ing to particle-phase reactions and aqueous-phase processing

within aerosol particles (Lambe et al., 2011, 2013; Sareen et
al., 2013; Lee et al., 2014; Zhao et al., 2015; Nguyen et al.,
2012; Laskin et al., 2015).

These factors make the chemical composition of BrC de-
pendent on the location and source of fuel (Laskin et al.,
2015; Moise et al., 2015). Many BrC chromophores vary sig-
nificantly among biomass species, although some, such as
sinapaldehyde and coniferaldehye, are common among cer-
tain types of biomass fuels, such as angiosperms and gym-
nosperms, respectively. Other chromophores depend on com-
bustion conditions, such as vanillic acid, which has only been
observed as a product of smoldering combustion when the
MCE is low (Fleming et al., 2020). Further, an effect known
as photo-bleaching can occur, whereby POA chromophores
can lose their absorptivity or be destroyed entirely when ir-
radiated 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 atmo-
spheric chromophores making up BrC is essential for under-
standing 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 tem-
perature, which is a decidedly different component of aerosol
even if inextricably mixed in BBA.

In the companion paper, Part 1, we described the lab-
oratory measurements of a fuel-specific study of the opti-
cal properties of BB aerosol emitted by three different fu-
els sourced from east Africa (Smith et al., 2020). This study
was conducted under different aging and combustion condi-
tions 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 opti-
cal properties. These include scattering and extinction cross
sections, single-scattering albedo (SSA), absorption and ex-
tinction for fresh emissions, emissions aged in the dark, and
emissions photochemically aged in the absence of added
volatile organic compounds (VOCs) as well as with VOCs
added to represent urban emissions from a representative
African megacity. In this part of the paper, we report the
chemical composition of fresh and BB aerosols photochem-
ically 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
paper, ultra-performance liquid chromatography (UPLC)
was interfaced to both photodiode array spectrophotome-
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try (or DAD) and high-resolution quadrupole time-of-flight
mass spectrometry (HR-QTOFMS) to chemically character-
ize BrC chromophores at the molecular level for both fresh
and aged emissions; it is compared with similar measure-
ments 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., 2014, 2015a, 2016) 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

In the companion paper Part 1 (Smith et al., 2020), we
described the aerosol generation and combustion system,
the smog chamber characteristics, and the aging condi-
tions and process. A summary is provided here. For labo-
ratory 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 com-
bustion were sent directly into the smog chamber via a heated
(200 ◦C) 1/4 in. corrugated stainless-steel transfer tube. The
North Carolina A & T State University (NCAT) indoor smog
chamber has a volume of 9.01 m3 and is lined with fluori-
nated ethylene propylene ethylene propylene (FEP) Teflon.
Two sides of the chamber each have a bank of 32 ultravio-
let (UV) lights (Sylvania, F30T8/350BL/ECO, 36′′), for a to-
tal of 64 lamps, to produce photochemical reactions. For the
purposes of this experiment, a clean environment is main-
tained by flushing the smog chamber for at least 24 h 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 min
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 min of combustion the mass loading had be-
come 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 Fig. S1 in the Supple-
ment.

For this study, authentic plant fuels were obtained from
east Africa. These samples were weighed on a calibrated an-
alytical balance so that it would approximately yield a total
aerosol loading representative of a particular scenario (ur-
ban, wildfire, etc.). We utilized previously measured emis-
sion factors (Akagi et al., 2011; Simoneit, 2002; Yokelson
et al., 2013; Andreae and Merlet, 2001), such as 18.5±
4.1 g PM10 kg−1 wood (dry weight) for tropical forest fuels
(Akagi et al., 2011). For instance, to achieve a mass loading
of 1100 µg m−3, which is the mean loading found in urban
and suburban residential locations (Oyem and Igbafe, 2010),
0.5 g of wood was burned in these experiments. As deter-

mined by scanning mobility particle sizer (SMPS) spectra
and assuming a particle density of 1 g cm−3, typical peak
particle concentrations were 800–900 µg m−3 for combustion
at 500 ◦C and ∼ 80 µg m−3 for combustion at 800 ◦C. Since
aerosol densities are generally larger than 1 g cm−3, our esti-
mated 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 photochem-
ical aging with anthropogenic VOCs, specifically benzene,
toluene, and xylene. No other atmospherically active species
were added, such as HONO, NOx , or O3, aside from those
produced during combustion or resulting from photochem-
ical aging. VOCs were injected into the chamber just be-
fore combustion while the UV lights were turned off, fol-
lowed by 12 h of irradiation. While this is somewhat long
for a chamber experiment, this length of time would repre-
sent a maximum change upon photochemical aging. Details
of VOC addition are 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, for which 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 it rep-
resents the only data available to us for the continent An-
thropogenic 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 for the year 2016, were ∼ 1.25, 3.5, and 1.5 ppm for
benzene, toluene, and xylene, respectively. While these ra-
tios were maintained in this chamber work, amounts intro-
duced 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 (nm3 cm−3) was found
to undergo a first-order decay (Smith et al., 2019). The loss
rate constant for this process was (1.34±0.02)×10−3 min−1,
which corresponds to a lifetime of 12.4 h, so these samples
underwent approximately one 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 char-
acteristics 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 com-
mon besides their wide distribution of growth. All are an-
giosperms and eudicots. Acacia and eucalyptus are more
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closely related, with both belonging to the rosid clade, while
olive is an astrid. This is where their evolutionary similar-
ities 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 ci-
tation, are eucalyptus (L’Hér), acacia (Mart.), and olive (L.).
The fuel moisture content was 10 %. As such, there was min-
imal moisture content, and the fuels studied in this work are
likely most relevant for situations in which these fuels are
combusted in home heating and cooking or as the litter com-
ponent of wildfires.

2.2 Collection of filter samples

BB aerosols were collected onto 47 mm Teflon filters (Tisch
Environmental, SF18040) for chemical analysis and trans-
mission 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 imme-
diately 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 ini-
tial combustion as possible. The flow of the aerosol through
the Teflon filter was driven by the chamber instrumentation,
specifically the CO and CO2 analyzers, at ∼ 2.5 L min−1,
while flow through the TEM grid was provided by a mod-
ified aquarium pump at 0.5 L min−1. With the output from
the furnace at 10 L min−1, pressure was maintained through
the system by diverting the excess flow (7 L min−1) to the
exhaust. Samples were collected for the duration of the burn,
which was typically around 10 min. In this manner, approxi-
mately 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 depo-
sition onto the filters. For these samples, aerosol was taken
from one of the chamber outputs, with a combined flow
of 5 L min−1 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 air or ∼ 1 %
of the total chamber volume. With aged filter samples taken
after approximately 24 h in the chamber, the particle concen-
tration had been significantly reduced since initial combus-
tion 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 extrac-
tion process as the sample filters to serve as a blank sample.

We estimated the approximate mass loading in the cham-
ber during each combustion case by converting the SMPS
size distribution into the total mass by assuming a density of
1 g cm−3. 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 µg m−3, while that of the 800 ◦C cases was about
100 µg m−3. After 12 to 15 h of aging, the initial mass load-
ing was reduced by a factor of 2, with a resulting concentra-
tion of about 400 and 50 µg m−3 during the 500 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) equipped with an ESI source
(Lin et al., 2014) was operated in negative ion mode to
chemically characterize BB organic aerosol (BBOA) con-
stituents in filter samples collected from the tube furnace for
fresh emissions and from the smog chamber for aged exper-
iments. In brief, chromatographic separations were carried
out using a Waters ACQUITY UPLC HSS T3 C18 column
(2.1×100 mm, 1.7 µm particle size; Waters Corporation, Mil-
ford, MA) at 45 ◦C. The mobile phases consisted of eluent
(A) 0.1 % acetic acid in ultrapure water (> 18 M� cm) and
eluent (B) 0.1 % acetic acid in pure methanol (99.9 %, Fisher
Chemical). The gradient elution program was as follows: elu-
ent (A) held at 100 % from 0 to 2 min, decreased linearly to
10 % from 2 to 10 min, held constant at 10 % between 10 and
11 min, increased linearly to 100 % from 11 to 15 min, and
held constant at 100 % during a 5 min post-run for column re-
equilibration. The sample injection volume was 5 µL at a flow
rate of 0.3 mL min−1. 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 analy-
sis period, the mass axis of the Q-TOFMS was calibrated us-
ing a commercially available ESI-L low-mass tuning mixture
(Agilent Technologies, Santa Clara, CA) containing seven
masses ranging from 60 to 1700 Da. For real-time mass cor-
rection, a solution containing three reference mass compo-
nents was continuously infused for real-time mass axis cor-
rection (calibration). The resultant mass resolution of the
ESI-HR-QTOFMS overm/z 60–1700 ranged from∼ 11000
at the low-mass end to ∼ 17000 at the high-mass end. Raw
data were acquired and processed with MassHunter soft-
ware (version B.06.00, build 6.0.633.0; Agilent Technolo-
gies, 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 soni-
cation for 45 min, blown dry under a gentle nitrogen stream
at room temperature (21–22 ◦C), and reconstituted in 300 µL
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
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is more absorbing than the water-soluble fraction (Lin et al.,
2017; Bergstrom et al., 2007; Laskin et al., 2018). Immedi-
ately prior to analysis, each reconstituted extract was filtered
through a polytetrafluoroethylene (PTFE) syringe filter (Ag-
ilent, 0.2 µm 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 six-point calibration curves from 0.004
to 10 µg mL−1, with detection limits below 0.004 µg mL−1.
While several of these methods were used in this work, de-
termining the absolute quantity of a BrC constituent was not
pursued. From the previous tests of quality control, the recov-
ery 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 PM2.5 masses >1 mg) were re-
extracted using 70 : 30 (v / v) acetonitrile / toluene solvent
mixture. Most of the identified BrC species were below the
detection limit from this second extraction, suggesting ex-
cellent 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 sec-
ondary 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 plat-
form XCMS (https://xcmsonline.scripps.edu/, 26 Septem-
ber 2009) (Tautenhahn et al., 2012). During this transfor-
mation, 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 de-
tection, with a peak width range of 5–60 s, and the mass
error tolerance was set at 20 ppm. Peak alignment required
an m/z width (mzwid) at 0.025. Generally, around 30 ma-
jor 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 Fig. S2.

The following data fields were used for each compound
returned by the XCMS platform: median m/z ratio, me-
dian retention time (RT), and the intensities for each sam-
ple 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 medianm/z values, when species were
found to have the same molecular formula as determined by
MassHunter (see below), their ion intensities were also com-
bined. The amount of aerosol varies significantly from sam-
ple to sample, especially between fresh filter samples col-
lected 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 stan-
dards for quantifying individual BBOA, these masses were
not determined at the time of their collection, and their spec-
tral intensities could not be normalized to a specific aerosol
mass or tracer for aerosol mass. As such, no direct compar-
ison between samples could be made without first normaliz-
ing spectra. We normalized the intensity data by generating
a scaled intensity difference between the samples using the
following equation:

x1∑
x1,i
−

x2∑
x2,i

, (1)

where x1 is the intensity from the first sample, x2 is the in-
tensity 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 com-
pound was more abundant in the second sample. The results
of the XCMS platform were then sorted to exclude any ab-
solute 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 plat-
form. For each pairwise comparison, extracted-ion chro-
matograms (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 chromato-
graphic peaks (at different retention times, most likely iso-
mers of the compound) were cataloged with updatedm/z ra-
tios and retention times as identified by MassHunter. Lastly,
suggested identities were assigned to each chemical formula
based on the relevant literature. Any compounds that were
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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 generated
for specific molecular species but for all molecular species
that were extracted and chromatographically and spectro-
scopically 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 ab-
sorption values were produced after background subtraction,
baseline values were shifted such that the smallest absorp-
tion intensity above 250 nm was made barely positive (by
0.00001 mAU), and all values were divided by the spec-
tral maximum to produce a peak value of 1 in the 250–
800 nm range. The reason all values were made slightly pos-
itive was that it enabled the determination of a normalized
Ångstrom absorption exponent (NAAE). Because the base-
line was shifted to allow for a log plot, this is mathematically
different than the AAE and should only be used for com-
parison purposes. With a focus on the 500–570 nm region,
the NAAE and the normalized slope vs. wavelength were de-
termined. Heat map chromatograms of absorption vs. wave-
length and retention time are given in Fig. S3.

3 Results and discussion

3.1 MS analysis of fresh emissions

Because the chemical measurements of the BB aerosols de-
rived from acacia and eucalyptus fuels were the most ro-
bustly 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 BB aerosol 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 mono-
isotopic 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 number of chromatographic peaks seen
from an EIC, and the suggested identity based on the formula
and relevant literature.

Except for dihydroxyphthalic acid and other tentatively as-
signed compounds, there is very little difference between the
two fuel types when they are combusted at 800 ◦C. This is

consistent with previous work, wherein flaming combustion
leads to the formation of predominantly BC aerosol (Reid
et al., 2005). The modified combustion efficiencies (MCEs),
discussed in companion paper (Part 1), were 0.974± 0.015
when averaged from 12 different burns performed at 800 ◦C,
which supports the idea that these aerosols represent particles
that were emitted during the flaming stage of combustion that
is dominated by BC aerosol. Since most of the chemical dif-
ferences between samples are very small, this suggests that
either very few BrC species are produced for either fuel, or
there are numerous species that are essentially the same be-
tween the samples. In Part 1, 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
Figs. 3 and 4 in Part 1). This would suggest that eucalyp-
tus has more non-absorbing OA or is at least less absorb-
ing 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 or-
ganic constituents. This suggests one or more of the follow-
ing: (1) that eucalyptus has significantly more complex com-
bustion products than acacia such that their abundances fall
below the lower threshold of XCMS analysis; (2) that eu-
calyptus 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 hav-
ing 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 pro-
cessing for UPLC/DAD-ESI-HR-QTOFMS analyses; and/or
(5) that differences between the observed SSA values are due
to morphology differences. Very high-MW compounds, such
as polycyclic aromatic hydrocarbons (PAHs), are potentially
present, but it is unlikely that such large molecules would
lack the ability to absorb light (see Sect. 3.3) to produce
more scattering aerosol for eucalyptus, thus discounting part
of reason (2). Negative-ion-mode ESI is known to bias de-
tection in favor of acidic compounds, such as those with car-
boxylic acids, nitro-aromatics, sulfated organics, and those
that have sufficiently acidic −OH groups. Given that light-
absorbing OA seems significantly soluble in methanol (Ku-
mar 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 cap-
tured by UPLC/DAD-ESI-HR-QTOFMS analyses, that the
observed differences in SSA are due to morphology differ-
ences, or a combination of the three. One potential explana-
tion 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–
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Figure 1. A comparison of fresh acacia and eucalyptus fuels combusted at 500 ◦C (a) and 800 ◦C (b) in terms of the scaled intensity
difference (see Sect. 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.

steam distillation, an oil yield of 0.3 %–2.0 % (dry weight)
was produced, of which 7 %–75 % was eucalyptol, depend-
ing 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, atmospheric pressure chemi-
cal ionization MS analysis, and possibly FT-IR if present in
sufficient quantities.

Combustion of each fuel at 500 ◦C presents a very differ-
ent picture, not only because of the number of species dif-
ferentiated by their mass, but also the number of isomers
present for each mass. The number of chromatographic peaks
in the EICs is listed for each mass in Table 1. In that table, all
species are present in both samples to differing degrees, ex-
cept for octadecatrienoic acid, which is likely linolenic acid
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and is only present in eucalyptus. To demonstrate this com-
plexity, m/z 151.04 was vanillin (a hydroxy methoxy ben-
zaldehyde confirmed with an authentic standard) (Budisulis-
tiorini et al., 2017), hydroxyanisaldehyde, and/or methoxy-
benzoic acid (such as anisic acid), but it consists of five iso-
mers, 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 dihydroxy-
benzene, 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., 2020) and 4-
hydroxybenzoic acid (Bi et al., 2008) have been previously
observed 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 the fol-
lowing: BrC chromophores, such as benzoic acid (confirmed
by an authentic standard), and two isomers of hydroxyben-
zaldehyde at m/z 121; homovanillic acid, dimethoxyben-
zoic acid, and/or syringaldhyde (three isomers observed) at
m/z 181 (Simoneit, 2002); coniferaldehyde atm/z 177 (con-
firmed); sinapaldehyde (and not another isomer) at m/z 207
(Fleming et al., 2020); guaiacol and some other isomer at
m/z 123; and the ubiquitous vanillic acid at m/z 167 (con-
firmed) (Fleming et al., 2020; Simoneit, 2002). Distilla-
tion products more prevalent in eucalyptus include an indis-
tinct number of isomers of hydroxy-methoxyacetophenone
(e.g., apocynin or paeonol), caffeyl alcohol, and/or phloretic
acid atm/z 165. The last distillation product expressed more
in eucalyptus is at least one isomer of what is likely dimethyl
methoxycoumarin. These species have been observed previ-
ously as a class of compounds (Fleming et al., 2020; Lin et
al., 2016), though not this one particularly to the authors’
knowledge. At least eight isomers of caffeic aldehyde, vera-
traldehyde, and/or coumaric acid are also present.

Other species are present in greater abundance in acacia at
500 ◦C. Saccharides such as mannitol and sorbitol have been
observed as pyrolysis products of cellulose and in road dust
(Simoneit et al., 2004), though two more isomers, one likely
being galactitol (C6H14O6), are also present. Similarly, citric
acid has been observed as a product from saccharide combus-
tion (Bi et al., 2008), though the authors have not been able to
find references to deoxyribose or monoacetalglycerol in the
literature. Nitro-aromatic species have been shown to be pro-
duced during the pyrolysis process from fresh combustion in
this work, wherein one isomer of nitroanisole, nitrocresol, or
nitrobenxyl alcohol is present and produced in significantly
higher quantities in acacia than eucalyptus.

Work by Fleming et al. (2020) shows that sinapaldehyde
and coniferaldehyde are two known lignin pyrolysis products
that are produced from their corresponding lignin monomeric
units, specifically sinapyl and coniferyl alcohol. They also
state that these species are anticorrelated; sinapaldehyde is
more prevalent in angiosperms and flowering fuels, while
coniferaldehyde is more abundant in conifers and soft-
woods. We examined our BBOA mass spectra for sinapalde-
hyde (C11H12O4, [M−H] = 207.0657) and coniferaldehyde
(C10H10O3, [M−H] = 177.0552) and found that both had a
single peak with a co-eluting retention time of ∼ 9.2 min.
Additionally, both species were found in all three fuels –
eucalyptus, acacia, and olive. When integrating the chro-
matogram between 9.0 and 9.5 min and extracting the re-
sulting mass spectrum, a comparison of relative ion inten-
sities was made. The coniferaldehyde / sinapaldehyde ratio
was found to be 1.6, 3.4, and 2.6 for eucalyptus, acacia, and
olive, respectively. In contrast to Fleming et al. (2020), we
found that all of these species (all angiosperms) had a consis-
tently higher amount of confieraldehyde than sinapaldehyde,
though this ratio varied by about a factor of 2 between species
studied here. One possible reason for this was that Fleming
et al. (2020) reported their results in terms of absorption in-
tensity and not ion intensity. Since these species co-eluted
during our separation, it was not possible to distinguish them
on that basis.

According to the above analysis, there should be more, and
more varied, species present in eucalyptus than acacia. The
main species present in greater abundances in acacia are de-
rived from sugars and cellulose and are not chromophores. In
Part 1 of this work, we found that acacia has a higher SSA
than eucalyptus when combusted at 500 ◦C, by 0.1–0.2, de-
pending on particle size. This suggests that either acacia has
larger absolute amounts of non-chromophore compounds or
eucalyptus has a greater quantity of chromophores whose
absorptive properties extend to the 500–570 nm region of
the visible spectrum. This will be discussed in further depth
when relating MS results to UV–visible absorption results in
Sect. 3.3.

3.2 MS analysis of aging effects

Figure 2 is similar to Fig. 1, but rather than contrasting dif-
ferent species, a single species, eucalyptus, is differentiated
in terms of the aging process. Peaks with positive values in-
dicate those that are more present in the fresh sample, while
those with negative values are more present in the aged one.
Another way to interpret this is that those with positive values
are no longer present in the aged sample because they have
been chemically changed due to the aging process. Those
with negative values are either being produced by the aging
process or are durable enough to be more significant, in a
relative sense, in the aged sample. Again, we have attempted
to identify compounds that change by more than 0.5 %, indi-
cating the molecular formula for those in Fig. 2 and listing
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them in Table 2 along with their suggested identities. Simi-
larly, Fig. 3 and Table 3 show the results for fresh versus aged
acacia.

At 800 ◦C, there appears to be very little occurring due
to the aging process in the presence of UV light and VOCs.
This suggests that there were very few BrC species to begin
with and that the presence of anthropogenic VOCs did not
significantly impact the chemical makeup of these aerosols.
It is also possible that semi-volatile species produced during
the oxidation of these VOCs were lost in significant quan-
tities to the chamber walls rather than the particle phase.
The only significant products of oxidation were dihydrox-
yphthalic acid, which is likely a product of xylene oxidation,
and a mixture of caffeic aldehyde, veratraldehyde, and/or hy-
droxy cinnamic acid isomers, such as coumaric acid. Exam-
ining the SSA changes due to aging under either dark or UV-
illuminated conditions was not possible for the experimental
reasons stated in Part 1.

Eucalyptus combusted at 500 ◦C is far more complex.
Since many of these compounds have been discussed in
more depth earlier, this discussion will only focus on com-
pounds that are distinctly different as a function of age or
those not previously mentioned. Another distillation prod-
uct, benzoic acid and the lignin pyrolysis product hydrox-
ybenzaldehyde isomer (such as salicylaldehyde), likely un-
derwent similar processing. Derivatives of the aromatic lac-
tone coumarin are also known distillation products present in
biomass burning (Fleming et al., 2020; Laskin et al., 2015).
While not as prevalent as lignin pyrolysis products, a signif-
icant number do seem to be consumed due to UV irradiation
and/or photochemistry. This includes species that were not
distinctly different from acacia, as discussed earlier, such as
seven isomers of methoxy- and/or methylhydroxycoumarin
(C10H8O3, [M−H] = 175.0402), neither of which have been
previously observed to the authors’ knowledge. Others in-
clude all six possible isomers of hydroxycoumarin (C9H6O3,
[M−H= 161.0241), of which umbelliferone has been previ-
ously observed (Fleming et al., 2020). There are also mul-
tiple indistinct peaks that can correspond to one of sev-
eral hydroxy methoxyacetophenones (apocynin (acetovanil-
lone), paeonol, etc.), caffeyl alcohol, and/or phloretic acid
(C9H10O3, [M−H] = 165.0556), many of which have been
extracted from various plants but have not been observed
as constituents of BBOA. There are four to five isomers of
acetylanisole or, less likely, hydrocinnamic acid or tolyacetic
acid. Octadecatrienoic acid has also been removed, likely
by a reaction of one of its double bonds with ozone or the
OH radical.

In comparison, the compounds being removed from euca-
lyptus combusted at 500 ◦C are dominated by lignin pyroly-
sis products. Most of these have already been discussed. One
isomer of dihydroxybenzene, being either resorcinol or cate-
chol, was a pyrolysis product and seems sensitive to the ag-
ing process, such as oxidation by OH or by bleaching, since
it absorbs in the UV at 290 nm (Dewar et al., 1958). Both

proper isomers of acetosyringone and/or homoveratic acid
(C10H12O4, [M−H] = 195.0664) have previously been ob-
served (Simoneit, 2002) and may be present here, though
it cannot be definitively stated that these specific isomers
are present. Highlighting the smoldering conditions present
during combustion at this temperature, there are two iso-
mers of either anisyl alcohol, creosol, or some dimethoxy-
benzene compound (C8H10O2, [M−H] = 137.0609). These
are thought to be precursors of other more highly oxygenated
pyrolysis products of lignin, such as anisic acid, vanillin,
or vanillic acid (Simoneit, 2002). These have similar struc-
tural motifs as lignin products and they may be regarded as
distillation products. There are only a few compounds pro-
duced because of aging, such as dihydroxyphthalic acid and a
very high-MW compound identified as C39H74N2O5, which
may be a dinitro compound. As mentioned previously, dihy-
droxyphthalic acid could be a product of xylene oxidation,
but no enhancement of OA was observed in Part 1 of this
work when comparing aging under lights to lights with an-
thropogenic VOCs. While there is a slight increase in SSA
due to the presence of VOCs, it would be difficult to point
to this one compound as the sole difference. Lastly, there
is dihydroxyanthracene, which is likely a secondary oxida-
tion product of the PAH anthracene. This compound should
absorb in the UV and visible, given the absorption of 1-
hydroxyanthracene from the UV to ∼ 410 nm (Tichy, 1967).

Figure 3 and Table 3 show the results from aged acacia.
As before, very little has changed for the acacia fuel com-
busted at 800 ◦C. Combustion at 500 ◦C is far richer and con-
sists almost exclusively of compounds that have been con-
sumed (i.e., have a positive scaled intensity difference). The
species undergoing the most significant loss is either resor-
cinol or catechol. The second most consumed compound,
which was not seen previously, is one isomer that is ei-
ther nitroanisole, nitrocresol, or possibly nitrobenzyl alco-
hol (C7H7NO3, [M−H] = 152.0356). Given that it is being
consumed over the course of the aging process, it was likely
formed as a primary species during the combustion of lignin
in the presence of NOx . While this species has not been ob-
served previously, related compounds such as nitrocatechol
and methyl nitrocatechol have (Fleming et al., 2020). Given
that these compounds have absorption spectra that extend
to ∼ 500 nm, they were likely decomposed due to photo-
bleaching, though heterogeneous reactions with OH cannot
be ruled out. It is likely that the products of this photo-
bleaching and/or oxidation were numerous, and each had an
abundance that was too small to be captured in this analysis.

Given that one isomer of dihydroxybenzene undergoes
the greatest change upon aging, it is worth examining po-
tential chemical transformations further. While resorcinol is
a potential identity, catechol has gained significant atten-
tion due to its involvement as a precursor to a strong chro-
matophore. Catechol can react in the atmosphere to form 4-
nitrocatechol (C6H5NO4) through photochemical and dark
processes in the gas and aqueous phase through several
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Figure 2. A comparison of eucalyptus-derived BB aerosol combusted at 500 ◦C (a) and 800 ◦C (b) under fresh and photochemically aged
conditions with VOCs in terms of the scaled intensity difference (see Sect. 2.5). Species more present in the fresh sample have positive
values (blue lines), while those more present in the aged sample have negative values (red lines) (i.e., species with positive values have been
removed because of the aging process, while those with negative values are either produced or represent a greater relative contribution to the
aged sample). 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. There is very little change for combustion
at 800 ◦C, while 500 ◦C shows a net removal of many compounds.

mechanisms (Finewax et al., 2018; Kroflič et al., 2018; Vi-
dovic et al., 2018; Wang et al., 2019). Given the dryness of
our chamber and the presence of UV irradiation, this mech-
anism would proceed through hydrogen abstraction from
the hydroxyl by OH to produce a β-hydroxyphenoxy / o-
semiquinone radical, followed by radical–radical combina-
tion with NO2 (Finewax et al., 2018). Both fresh and aged

spectra for 500 ◦C combustion were examined for nitrocat-
echol ((M−H)− at m/z 154.0140), and it was found at an
RT of 8.39–8.55 min in both fresh and aged acacia and eu-
calyptus. There was a greater abundance in the aged samples
despite the mass loading on the filter being lower, suggesting
a small amount from primary emission but mainly a product
of secondary formation for both fuels.

https://doi.org/10.5194/acp-20-10169-2020 Atmos. Chem. Phys., 20, 10169–10191, 2020
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Figure 3. A comparison of acacia-derived BB aerosol combusted at 500 ◦C (a) and 800 ◦C (b) under fresh and photochemically aged
conditions with VOCs in terms of the scaled intensity difference (see Sect. 2.5). Species more present in the fresh sample have positive
values (blue lines), while those more present in the aged sample have negative values (red lines) (i.e., species with positive values have been
removed because of the aging process, while those with negative values are either produced or represent a greater relative contribution to the
aged sample). 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. There is very little change for combustion
at 800 ◦C, while 500 ◦C shows a net removal of many compounds.

Smoldering-dominated burns were also examined for
other nitro-aromatic species. Methyl nitrocatechol, which
has been identified as a tracer for BB SOA (Iinuma et al.,
2010), and nitroguaiacol both have the formula of C7H7NO4
and would have an (M−H)− peak at m/z 168.0297. Fresh
eucalyptus had two peaks at retention times of 7.71 and
9.31 min, while acacia only had a single peak at 9.30 min.

Using the exact mass and the RT, this peak at 9.30 min has
been identified as 4-methyl-5-nitrocatechol, so the 7.71 min
peak must be another isomer produced in fresh combustion.
Since this compound must be more polar to elute earlier,
it may be the 4-, 5-, or 6- isomer of nitroguaiacol (Blu-
vshtein et al., 2017; Kitanovski et al., 2012a). Upon aging,
both fuels had two peaks with smaller absolute abundances

Atmos. Chem. Phys., 20, 10169–10191, 2020 https://doi.org/10.5194/acp-20-10169-2020
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Table 4. The slope of absorption vs. wavelength and the Ångstrom absorption exponent for each sample, as measured by the UV–vis spectrum
during chemical analysis (normalized) and during CRDS–nephelometer analysis (in situ). AAE was determined for the wavelength range
500 nm≤ λ≤ 570 nm.

Slope
AAE (×10−5 nm−1 for UV–vis,

(normalized for UV–vis) ×10−16 m2 nm−1 per particle for CRDS–neph)

Acacia Eucalyptus Olive Acacia Eucalyptus Olive

UV–vis 500 ◦C Fresh 5.55± 1.21 9.53± 0.72 9.10± 0.64 −23.7± 4.8 −24.6± 1.9 −20.6± 4.3
Aged −0.12± 1.25 −1.87± 1.25 – −2.15± 9.52 10.3± 8.8 –

800 ◦C Fresh 0.40± 0.60 0.91± 0.51 0.22± 0.84 −48.5± 60.3 −120± 69 −34.5± 76.6
Aged −0.13± 0.49 −1.88± 1.01 – 4.33± 70.5 145± 91 –

CRDS–neph (300 nm) 500 ◦C Fresh 2.52± 0.27 1.71± 0.18 1.32± 0.33 −1.98± 0.21 −2.02± 0.21 −1.63± 0.412
Aged −3.25± 0.98 −4.20± 3.12 – 1.29± 0.4 0.46± 0.42 –

800 ◦C Fresh 0.57± 0.25 0.66± 0.22 0.25± 0.15 −0.57± 0.25 −1.64± 0.53 −0.620± 0.367
Aged −5.54± 0.53 0.77± 0.14 – 1.81± 0.16 −2.98± 0.55 –

at 9.5–9.6 and 10.0 min. The 9.5–9.6 min peak is likely a
slightly shifted 4-methyl-5-nitrocatechol, suggesting both a
primary and secondary source of the compound. Based on
previous observations of BB aerosol, the 10.0 min peak is
either 3-methyl-6-nitrocatechol, 3-methyl-5-nitrocatechol, or
4-nitroguaiacol, whose sensitivity can be altered for it to
elute either before or after 4-methyl-5-nitrocatechol (Blu-
vshtein et al., 2017; Kitanovski et al., 2012a). Nitrophe-
nol (C6H5NO3, (M−H)− at m/z 138.0191) and nitrocre-
sol (C7H7NO3, (M−H)− at m/z 152.0348) are secondary
products of phenol and cresol, respectively. Neither was ob-
served for fresh eucalyptus and acacia. There are at least two
forms of methyl nitrophenol in aged acacia (RT of 10.15 and
10.46 min) and only one (RT 10.47 min) in aged eucalyp-
tus. Several isomers have been observed in BB aerosol in
previous studies, including 3-methyl-4-, 2-methyl-4-, and 2-
methyl-6-nitrophenol (Bluvshtein et al., 2017; Kitanovski et
al., 2012a). The peak with an RT of ∼ 10.46 was likely a
slightly shifted 4-nitro-o-cresol, which was a standard com-
pound run during the analysis of fresh BB aerosol and had
an RT of 10.30 min. One nitrophenol peak at 9.37 min was
observed in aged acacia, while aged eucalyptus did not ex-
hibit any nitrophenol. This had a different RT than the 2-
nitrophenol standard, which had an RT of 10.05 min, sug-
gesting it was some other isomer. Nitronaphthol (C10H7NO3,
(M−H)− at m/z 188.0348) was not observed in any spectra.

3.3 UV–visible analysis of fresh versus aged emissions

In the companion paper Part 1 of this work, we found, as ex-
pected, that the SSA of eucalyptus and acacia increased af-
ter photochemical aging for 12 h. For instance, 300 nm par-
ticles from eucalyptus combustion at 500 ◦C went from an
SSA of ∼ 0.67 to almost unity, with only a slight increase
due to the presence of VOCs. Acacia increased from ∼ 0.78
to 0.90–0.95 after aging, with no apparent change due to

VOCs. Since these measurements were size-selected and this
increase was observed for all selected sizes, the SSA change
could not be attributed to bulk changes within the aerosol,
such as particle coagulation. Such an increase in SSA re-
sulting from morphology changes alone seems implausible,
so the particles themselves must become less absorbing with
age. This would be because of a loss of absorbing compounds
in the 500–570 nm region, the formation of non-absorbing
SOA that alters the real portion of the refractive index, or
both. In this section, we discuss how these changes in molec-
ular composition affect the integrated UV–visible absorption
spectrum and how these relate to the SSA of in situ aerosol
studied in Part 1 of this work.

Schuster et al. (2016) found a strong correlation between
AAE and the spectral variability of the refractive index of
BB aerosols (κ440/κ700), with a linear correlation of R ≥
0.939. BrC is spectrally dependent, with a greater imaginary
part of the refractive index at 440 nm (κ440) than the red re-
gion of the spectrum (κ700). Figure 4a shows that UV absorp-
tion dominates for fresh BB aerosol combusted at 500 ◦C,
with a negative slope in the 500–570 nm range, indicating
the presence of BrC can alter the absorption in the mid-
visible region. This is corroborated by large in situ values
of AAE (1.5) for these samples as seen in Table 4. BC, on
the other hand, is spectrally independent (κ440/κ700 ≈ 1) and
has AAE values between 0.5 and 1.5, as seen for the CRDS
measurements in Table 4. This is corroborated by Fig. 4b
and Table 4, which show that absorption in this range has
a slope of zero within the measurement uncertainty for fresh
BB aerosol combusted at 800 ◦C; all are within 1σ , except
olive, which is within 2σ . The NAAE values based on UV–
vis measurements of molecular chromophores do not con-
form to this trend at 800 ◦C; however, this is likely because
they have been normalized. Lastly, AAE can reach negative
values when absorption is higher at longer wavelengths (near
700 nm). Table 4 suggests that as BB aerosols are aged in the

https://doi.org/10.5194/acp-20-10169-2020 Atmos. Chem. Phys., 20, 10169–10191, 2020
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presence of UV light, they become more absorbing at longer
wavelengths (except for eucalyptus combusted at 800 ◦C, as
measured by CRDS). This could be caused by the forma-
tion of species that absorb at such long wavelengths, such as
nitro-aromatic species and functionalized PAHs, or lensing
effects from hygroscopic growth (Fleming et al., 2020; Liu
et al., 2017).

For both eucalyptus and acacia combusted at 500 ◦C, the
greatest loss of UV absorptivity, as seen in Fig. 5a, happens
between 260 and 350 nm, peaking at ∼ 290 nm. Many of the
lignin pyrolysis products are consumed upon aging due to ei-
ther photo-bleaching or oxidation. Previous work has shown
a reduction in BrC absorptivity due to photochemical aging
(Sumlin et al., 2017) and OH oxidation (Dasari et al., 2019;
Schnitzler and Abbatt, 2018). Most of these compounds ab-
sorb in the UV between 200 and 350 nm, with the notable
exception of coniferaldehyde and sinapaldehyde, which both
peak near 340–345 nm and absorb past 400 nm (Fleming et
al., 2020).

3.4 Chromatographic analysis of potential
chromophores in the visible

In addition to examining the integrated spectrum, we can
also focus on potential chromophores that absorb in the 500–
570 nm region of the spectrum. Considering that flaming-
dominated combustion shows little in the way of absorb-
ing species and the abundance of these species decreases
upon aging, only fresh emissions from combustion at 500 ◦C
will be examined. Figure 6 shows the extracted wavelength
chromatogram for the 500–510 nm region, where absorption
would be most intense over this range, for eucalyptus and
acacia combusted at 500 ◦C. This chromatogram has been
background-subtracted by the filter blank, and, given that the
amount of aerosol deposited on these filters was not mea-
sured, no scaling was applied. Remarkably, only a few peaks
dominate the chromatogram, though there are likely several
low-abundance and indistinct peaks at 11–13 min. The UV–
visible absorption spectra for each designated peak in Fig. 6
are given in Fig. S4. As can be seen in Fig. 6, several of these
species have similar retention times. A comparison was made
between these peaks with respect to elution time. Peaks A
and H , despite coming from different fuels, show similar
retention times and UV spectra, as can be seen in Fig. S5.
The same can be said for peaks B, C, I , and J , which have
well-separated peaks at ∼ 340 and ∼ 485 nm with a gradual
decrease to 600 nm. Peaks D, E, and K also have the same
general appearance and may be related to B, C, I and J ,
but they are somewhat broader and peak at slightly shorter
wavelengths (332 and ∼ 480 nm).

To determine which species produced the absorption fea-
tures shown in Fig. 6, mass spectra at the absorption max-
ima were examined and assessed based on the peak height
in the mass spectra, how well the retention times of ex-
tracted ion chromatograms matched the extracted visible

wavelength chromatogram, and if a compound can be rea-
sonably thought to absorb in the 500–510 nm region. As-
signments using this method are tenuous given that species
detected by the DAD may not be seen by negative-mode
ESI-MS. Additionally, many of the species described be-
low have additional peaks outside those described, sug-
gesting that not all isomers corresponding to a given for-
mula absorb in this region. The extracted ion and visible
chromatograms (shown in Fig. 6) are in Fig. S6a for eu-
calyptus. Peak A is either C9H10O3 (m/z 165.0559), ten-
tatively assigned earlier, and/or C9H12O4 (m/z 183.0658),
which could be an isomer of trimethoxyphenol or dimethoxy
methyl catechol. Several isomers of C9H10O3 are known to
only absorb below 240 nm, though veratraldehyde and caf-
feyl alcohol UV–visible spectra have not been measured,
nor has trimethoxyphenol or dimethoxy methyl catechol
for C9H12O4. A C9H10O3 isomer may also contribute to
peak B, and, while C8H10O2 (m/z 137.0612) is more abun-
dant at peak B and previously identified as several isomers
in this work, none would absorb in this region. Likewise,
C10H10O2 (m/z 161.0604) elutes with peakB, which may be
methoxycinnamaldehyde, methylcinnamic acid, or methyl-
hydrocoumarin. While the spectra of those compounds have
not been previously measured, it is unlikely that they would
absorb in this region either. One compound that could weakly
absorb in the visible and elutes at peakB is hydroxycoumarin
(C9H6O3, m/z 161.0244). One such compound, umbellifer-
one, absorbs to ∼ 420 nm (Abu-Eittah and El-Tawil, 1985),
though a number of isomers are present that may have some-
what different spectra.

Several species show peaks in the mass chromatogram
that correspond to peaks B–F , including C10H8O3
(m/z 175.0405), C11H8O3 (m/z 187.0401), and C11H10O3
(m/z 189.0565). The species corresponding to C10H8O3
could be methoxycoumarin or methylhydroxycoumarin,
though these species mainly absorb below ∼ 450 nm (Abu-
Eittah and El-Tawil, 1985) and may only absorb very weakly
above 500 nm if at all. Naphthalenetriol is a much more likely
candidate for C10H8O3 given its extended and functional-
ized aromatic system, though a spectrum for any of its iso-
mers has not been measured. The less functionalized 1,4-
naphthalenediol absorbs to ∼ 680 nm (Linstrom and Mal-
lard, 2020). The structures attributable to C11H8O3 could be
hydroxynaphthoic acid, acetylcoumarin, or methylcoumari-
naldehyde, but none of these compounds absorb above
410 nm (Donovalová et al., 2012). Still, several of these com-
pounds are yellow solids in their pure forms according to
their safety data sheets (SDSs), suggesting they have some
interaction with visible light. Similarly, an indistinct number
of peaks associated with C11H10O3 are found within these
retention times, which may be isomers of methylmethoxy-
coumarin or dimethylhydroxycoumarin, none of which have
previously measured spectra. Peaks in the vicinity of peaks F
andG correspond to C12H10O3 (m/z 201.0554) as methoxy-
naphthoic acid or methoxyhydroxynaphthaldehyde. No UV–
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Figure 4. The normalized UV–visible spectra for fresh acacia-, olive-, and eucalyptus-derived BB aerosol combusted at 500 ◦C (a) and
800 ◦C (b). These spectra have been averaged over the entire chromatogram, background-subtracted, and normalized, as described in
Sect. 2.6.

visible spectra are available for these compounds, and, while
some spectra are available for related compounds such as 1-
and 2-naphthoic acid (Linstrom and Mallard, 2020), these
spectra seem truncated at ∼ 350 nm. More telling is the SDS
descriptions for these substituted naphthaldehydes and naph-
thoic acids, which are light yellow, yellow, and light brown.
This suggests that their absorption extends into the visible
and possibly into the 500 nm region.

One set of isomers in the vicinity of peaks C through F
corresponds to the formula of C11H6O3 (m/z 185.0256).
Given the high degree of unsaturation (DBE= 9), these can
only be furanocoumarins, which have a fused furan and ben-
zene ring. Two common isomers of these species are psoralen
and angelicin. While these species do not absorb in this re-
gion of this visible, they are strong absorbers below 370 nm
(Rutan et al., 2018) and have not been previously identified
as BrC species in BB aerosol. The peaks for nitroguaiacol

and methylnitrocatechol, discussed earlier in this work, do
not align well with peaks in Fig. 6.

Fresh acacia combusted at 500 ◦C underwent a similar
analysis, as shown in Fig. S6b. All the previously mentioned
extracted ion chromatograms appear very similar for acacia,
with the main difference being that the ion abundance for
acacia was smaller by a factor or 2–4. Most ions had sim-
ilar temporal profiles as eucalyptus with the exception of
C11H10O3 (m/z 189.0565), which only matched peakK and
onwards. Given this, it is very likely that peaks with similar
DAD retention times are produced by the same species, and
peak A corresponds with peakH , B with I , C with J , and E
with K .
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Figure 5. The UV–visible spectrum for each fuel combusted at 500 ◦C (a) and 800 ◦C (b), showing the result from fresh combustion with
positive values and photochemically aged with negative values. These spectra have been averaged over the entire chromatogram, background-
subtracted, and normalized, as described in Sect. 2.6. The differences between them are highlighted with the dashed line, and an enlargement
of the 500–570 nm region is presented in the inset.

4 Conclusions

When both fuels in this work were efficiently combusted at
800 ◦C, the chemical characterization of fresh BB aerosol
revealed very little apparent difference between the two
species – eucalyptus and acacia. The higher SSA observed
for eucalyptus was not attributed to it containing more low-
abundance species but some set of compounds that were
not being captured in this analysis. This could be due to
a prevalence of low-abundance species, semi-volatile com-
pounds lost during sample processing (Chen et al., 2017),
or insensitivity to ionization in the negative ion mode of
our UPLC/DAD-ESI-HR-QTOFMS technique. A compound
such as eucalyptol, which does not absorb in the UV or visi-
ble, could significantly alter the real portion of the refractive
index of aerosols but would not be apparent using negative-
ion-mode ESI-MS given its lack of basic functionality.

Comparing these species combusted at 500 ◦C revealed
many species differentiated by their mass and chromato-
graphic retention time (i.e., different isomers possessing the
same formula). This work focused on compounds that were
significantly different between fuel types, which had scaled
intensity differences greater than 0.5 %. Both samples had
a variety of compounds in common, such as lignin pyroly-
sis products, distillation products, and cellulose breakdown
products. Only one isomer of dihydroxybenzene was ob-
served for both fuels, which is either catechol (Simoneit,
2002) or resorcinol (Yokelson et al., 2013). Several lignin py-
rolysis products and distillation products are more prevalent
in eucalyptus than acacia, while pyrolysis products of cel-
lulose and at least one nitro-aromatic species (nitroanisole,
nitrocresol, or nitrobenxyl alcohol) were more prevalent in
acacia. When both fuels and olive were examined for their
sinapaldehyde and coniferaldehyde content, it was found
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Figure 6. The extracted wavelength chromatogram for the 500–510 nm region for each fuel freshly combusted at 500 ◦C. The peak with the
asterisk is an artifact from background subtraction.

that coniferaldehyde was more abundant by a factor of 1.6–
3.4, depending on the species. Given that all three are an-
giosperms, this observation is counter to observations made
by Fleming et al. (2020), though it is worth noting that their
results were in terms of absorption intensity instead of ion
intensity. Given that chromophores, such as lignin pyrol-
ysis and distillation products, are more prevalent in euca-
lyptus than acacia, which has a higher abundance of non-
chromophores derived from sugars and cellulose, one would
assume that eucalyptus would be more absorbing in the
visible (i.e., have a lower SSA) than acacia. Despite this
analysis not capturing absolute amounts of OA, acacia was
found to have an SSA that is higher than eucalyptus by 0.1
to 0.2, which is consistent with these observations. This sug-
gests that acacia has either larger absolute amounts of non-
chromophore compounds or eucalyptus has a greater quan-
tity of chromophores whose absorptive properties extend to
the 500–570 nm region of the visible spectrum.

In examining the effects of aging in the presence of
UV light and anthropogenic VOCs, it is clear from Fig. 2
(eucalyptus) and Fig. 3 (acacia) that the amount of BrC de-
creases as the sample ages for combustion at 500 ◦C, and
very few changes are occurring for particles produced from
combustion at 800 ◦C. For both eucalyptus and acacia, an iso-
mer of dihydroxybenzene, such as resorcinol or catechol, was
removed to the highest degree from the fresh BB aerosol.
Both of these species have relatively broad UV absorption
spectra, extending from the vacuum UV to ∼ 292 nm, with
a peak at 275 nm and another at shorter wavelengths (Dewar
et al., 1958). This is where most of the reduction of UV ab-
sorption is occurring. While this could suggest that these two
compounds are responsible for a significant portion of the
bleaching effect, there are a great number of compounds that
absorb in a similar wavelength range, so that could not be
conclusively stated. The removal of dihydroxybenzene was

investigated by examining spectra for a known reaction prod-
uct, dihydroxynitrobenzene (e.g., nitrocatechol). Results for
both fuels suggest a small amount was produced by primary
emissions, but it was mainly a product of secondary for-
mation. The second most removed compound for eucalyp-
tus was the distillation product benzoic acid and the lignin
pyrolysis product hydroxybenzaldehyde. Several eucalyptus
distillation products are also sensitive to aging that have not
been previously observed, such as seven isomers of methoxy-
and/or methylhydroxycoumarin and all six isomers of hy-
droxycoumarin, of which only one has been previously ob-
served. The second most consumed compound for acacia was
one isomer that is likely nitroanisole, nitrobenxyl alcohol,
or nitrocresol, which was not seen previously and is a pri-
mary product of in-flame NOx chemistry. Generally, both
fuels were dominated by loss of chromatophoric lignin py-
rolysis and distillation products. Focusing on nitro-aromatic
species, one isomer of nitrophenol was produced during the
aging of acacia combusted at 500 ◦C, while none was pro-
duced for eucalyptus. Despite being thought of as a tracer
for BB SOA (Iinuma et al., 2010), there is evidence for both
primary emission and secondary production of 4-methyl-5-
nitrocatechol.

Not surprisingly, the associated absorbance from these
chromophores, mostly from 200 to 350 nm, also attenuates
with respect to age, as seen in Fig. 5. This may be caused
in part by the photo-bleaching effect created by the irradia-
tion of UV light for 12 h, heterogeneous OH oxidation, and
SOA formation of non-chromophores. As stated in Part 1 of
this companion paper, ignition temperature is the leading fac-
tor for differences in the SSA of the resulting BB aerosol,
which is supported by the associated MCE values at each
temperature. At lower temperatures, combustion is less effi-
cient and releases more emissions in the form of the lignin
pyrolysis and distillation products, which are primarily re-
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sponsible for the change in absorption seen between fresh
and aged samples, as they absorb strongly in the UV. Some
larger compounds were discovered, but only one function-
alized PAH was successfully identified. The identification
of other functionalized PAHs would be beneficial in deter-
mining any changes to SSA because of photochemical aging
with anthropogenic VOCs present, as these compounds ex-
hibit wide absorption spectra extending into the visible.

An attempt was also made to identify which species pro-
duce absorption at wavelengths longer than 500 nm. An ex-
tracted wavelength chromatogram for 500–510 nm shows
that only a few peaks dominate the absorption from fresh
emissions of combustion at 500 ◦C. Both acacia and eucalyp-
tus have common absorbing species, as shown by peaks with
common retention times, similar UV–visible spectra, and
extracted ion chromatograms. By comparing the retention
times of extracted ion and wavelength chromatograms, sev-
eral species were tentatively suggested for contributing to ab-
sorption in this wavelength range. This includes functional-
ized courmarin species (hydroxy-, methoxy- methylhydroxy-
, methylmethoxy-, etc.), naphthalenetriol, and methoxyhy-
droxynaphthaldehyde or methoxynaphthoic acid. UV spec-
tra available from the literature for several of these species
and/or related compounds seem truncated and are very likely
to extend into this visible region of the spectrum, which high-
lights the need for broadband UV–visible spectral measure-
ments of these compounds. While not important for absorp-
tion in this visible region, a novel set of compounds was
found that could be strong BrC species – furanocoumarins.

As shown in companion paper Part 1, there are changes in
the SSA that occur in response to dark aging. Future work
will examine those processes from a molecular standpoint
and how they are different from photochemical aging. Given
that there was no SOA enhancement or significant difference
in SSA observed for the addition of anthropogenic VOCs, it
is unlikely that even these elevated concentrations would al-
ter the molecular constituents. However, this should be con-
firmed with at least one example.
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ated and Complex Role of Nitrous Acid in Aromatic Nitra-
tion under Mild Environmental Conditions: The Case of Ac-
tivated Methoxyphenols, Environ. Sci. Technol., 52, 13756–
13765, https://doi.org/10.1021/acs.est.8b01903, 2018.

Kumar, N. K., Corbin, J. C., Bruns, E. A., Massabó, D., Slowik,
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