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ABSTRACT: Phenolic compounds emitted from wildfires con-
tribute to secondary organic aerosol (SOA) and brown carbon
(BrC) upon oxidation initiated by hydroxyl (OH) and nitrate
radicals (NO3). We conducted a set of laboratory chamber
experiments to study catechol oxidation by OH and NO3 with a
focus on the associated SOA formation and evolution under
conditions relevant to fresh wildfire plumes. Oxidation products in
both gas and particle phases as well as SOA volatility were
measured using an iodide-adduct high-resolution time-of-flight
chemical ionization mass spectrometer coupled with the filter inlet for gases and aerosols (FIGAERO-CIMS). Nitrocatechol
(C6H5NO4) was the dominant particle-phase compound in both OH-initiated and NO3-initiated oxidation and was strongly
associated with particle light absorption at 405 nm, consistent with BrC. Maximum SOA mass yields, ranging from 0.1 to 1.6 for the
OH- and NO3-driven experiments, respectively, varied with the net formation of nitrocatechol. Gas−particle partitioning
measurements implied the effective saturation vapor concentration, c*, of nitrocatechol is 12 μg m−3 for the OH-initiated experiment
and 2.4 μg m−3 for the NO3-initiated experiments, both far lower than group contribution method estimates, which ranged from 1.8
× 102 to 8.5 × 108 μg m−3. In extended photochemical aging experiments, wall-loss-corrected photochemical lifetimes of BrC in the
chamber were 17.4 ± 0.8 and 12.4 ± 0.1 h, while particulate nitrocatechol had lifetimes of 21 ± 8 and 6.9 ± 0.6 h for OH-initiated
and NO3-initiated conditions, respectively. Implications for phenolic-derived SOA and BrC evolution in wildfire plumes are
discussed.

KEYWORDS: phenolic compounds, biomass burning, secondary organic aerosol, gas−particle partitioning, wildfire smoke, nitroaromatics,
nitrocatechol

1. INTRODUCTION

Wildfires emit carbon dioxide, carbon monoxide, methane,
black carbon, primary organic aerosol (POA), reactive nitrogen
oxides (NOx = NO + NO2), and volatile organic compounds
(VOCs), among other components, to the atmosphere.1−9 The
gaseous and particulate emissions and secondary pollutants
such as ozone and secondary organic aerosol (SOA) adversely
affect human health, impair visibility, and impact climate.2,3,10

SOA formation, evolution, and properties in wildfire plumes
remain uncertain due, in part, to uncertain oxidation
conditions, complex distributions of volatile, intermediate,
and semivolatile (VOC, IVOC, SVOC) precursors, POA and
SOA loss processes, and chemical drivers of optical properties
such as brown carbon (BrC), a component of OA that strongly
absorbs in the ultraviolet and visible wavelengths.3,9,11

Phenolic compounds, classified by the presence of a benzene
ring with at least one hydroxy substituent, are emitted during
biomass burning, are highly reactive to OH and NO3, and can

contribute to SOA and BrC formation.12−14 Gas-phase
oxidation of phenolic compounds by the hydroxyl radical
(OH) produces SOA with yields ranging from 0.003 to
1.45.15−19 A few of these studies also incorporate NOx, which
in turn produces substantial nitroaromatic compounds and
SOA with BrC.15,20,21 The oxidation of phenolic compounds
with NO3 under dark conditions has been relatively under-
studied, but previous work has shown associated SOA mass
yields as high as 161%, rich in nitroaromatic compounds and
with significant BrC character.13,15,22
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Nitroaromatic compounds are toxic, mutagenic, and
carcinogenic23−26 and strongly absorb UV−vis radiation,
thereby contributing to BrC. Their formation in a wildfire
plume due to phenolic oxidation is thus a source of secondary
BrC. Mohr et al.12 showed that just a few nitrated phenolic
compounds measured in authentic biomass burning aerosol
can explain at least 5−10% of biomass burning aerosol light
absorption at 370 nm. Nitroaromatics are likely formed in high
yield in the first generation of oxidation of most phenolic
compounds under high-NOx conditions; such products are
expected to be of intermediate volatility based on structure−
activity relationships. Additionally, nitroaromatics have been
shown to be photochemically labile, contributing to mass loss
of these compounds as a result of photochemical aging.27−29

As such, the importance of their contribution to SOA and BrC
as a wildfire plume dilutes and ages remains uncertain.
Understanding the yields, gas−particle partitioning, and fate

of nitroaromatics formed from phenolic oxidation under
wildfire plume conditions is of interest to simulating associated
SOA and its optical properties. However, there are relatively
few independent studies of photochemical and nocturnal
oxidation of phenolic compounds under the high-NOx
conditions of a fresh wildfire plume and fewer still that
probe evolution with extended photochemical aging. While
BrC is being incorporated into global climate models, the
yields, lifetimes, and optical properties of SOA and BrC from
wildfire smoke chemistry have not been extensively quantified
under nighttime conditions. Moreover, it remains unclear
whether photochemistry or nocturnal chemistry of phenolic
compounds is a more efficient source of BrC and whether the
associated BrC is long-lived under typical atmospheric
conditions.30−32

We present results from laboratory chamber studies of
catechol (C6H6O2) oxidation and associated SOA and BrC
molecular and optical properties. These chamber studies are
motivated by the findings of the Western wildfire Experiment
for Cloud chemistry, Aerosol absorption and Nitrogen (WE-
CAN) aircraft field campaign that studied the chemistry,
composition, and properties of wildfire smoke in the western
United States. During this field campaign, an iodide-adduct
high-resolution time-of-flight chemical ionization mass spec-
trometer (I− HR-ToF-CIMS) reported a rapid loss of catechol
(and isomers) with plume aging for multiple fires, which was
again observed during the Fire Influence on Regional to Global
Environments and Air Quality (FIREX-AQ) field cam-
paign.9,33,34 Moreover, the WE-CAN analysis suggested
phenolic compounds, including catechol, contributed the
most to estimated SOA formation from primary emitted
gaseous precursors in the sampled wildfire plumes.9 With high
concentrations of NOx and limited photochemistry in optically
thick plumes, catechol is expected to react with both NO3 and
OH.34 Using the National Center for Atmospheric Research
(NCAR) environmental chamber, we quantified gas-phase and
particle-phase composition, absorption, volatility, and evolu-
tion of SOA formed from OH and NO3 oxidation of catechol
under conditions relevant to wildfire smoke and conducive to
aging.

2. METHODS
2.1. MOONLIGHT Chamber Experiment and Instru-

mentation Overview. The Monoterpene and Oxygenated
Aromatics Oxidation at Night and Under Lights (MOON-
LIGHT) project was a multi-institution collaboration to

investigate the daytime (OH-initiated) and nighttime (NO3-
initiated) oxidation of a specific subset of VOCs emitted by
biomass burning. It was conducted from May to June 2019, in
part to complement the findings from WE-CAN. No
unexpected or unusually high safety hazards were encountered.
Biomass burning relevant VOCs studied during MOON-
LIGHT consisted of phenolics and furans: phenol, catechol,
cresol, guaiacol, and furfural. Experiments were conducted
within NCAR’s 10 m3 FEP Teflon chamber35 housed in a
cubic enclosure with UV-reflective surfaces surrounded by 128
blacklight tubes (32W, Type F32T8/BL). The NO2 photolysis
frequency, jNO2

, was measured to be 1.24 × 10−3 s−1 at 100%
light intensity. The chamber temperature was kept at a
constant 295 K when the blacklights were off and increased to
∼305 K when the blacklights were operated at full capacity. All
reactants and products were passively mixed within the
chamber. For catechol experiments, the relative humidity of
the chamber was kept below 10% and ammonium sulfate dry
seeds with a monomodal size distribution and maximum mass
at a vacuum aerodynamic diameter of 350 nm were injected to
compete with sorption of organic vapors onto the chamber
walls. At the end of each experiment, the chamber was cleaned
overnight or longer by flowing zero air through it with the
lights off.
Measurements of bulk submicron OA, sulfate aerosol

(pSO4), and ammonium aerosol (pNH4) were performed by
the Aerosol Mass Spectrometer (HR-AMS; Aerodyne
Research, Inc.),36 hereafter abbreviated as AMS, or the Aerosol
Chemical Speciation Monitor (ACSM).37 While the AMS is
generally considered a PM1 instrument because the lens
transmits most ambient particles less than 1 μm, the actual
50% transmission is typically around a vacuum aerodynamic
diameter of 750 nm.38,39 AMS mass concentrations (μg m−3)
were converted to μg sm−3 by adjusting to standard pressure
(101.3 kPa) while the temperature was not adjusted for. We
assumed a temperature of 295 K in the chamber, and given the
variations during the experiments, AMS mass concentrations
do not change by more than 5%. Measurements of ozone were
made by a UV-absorption ozone monitor (Model 49i-PIS,
Thermo Scientific), while NO and NO2 were measured with a
chemical luminescence NO detector (Model CLD 88Y,
EcoPhysics) coupled with a customized external LED
photolytic NO2/NO convertor. Additional measurements of
NO, NO2, NO3, N2O5, NOy, and ozone (O3) were also
performed by the National Oceanic and Atmospheric
Administration’s nitrogen oxide cavity ring-down spectrom-
eter.40 A multichannel photoacoustic spectrometer (PAS)
provided by the University of Wyoming, as described in Foster
et al.,41 was used to measure dry aerosol absorption at 405 and
660 nm. Colorado State University’s Particle-into-Liquid-
Sampler-Liquid Waveguide Capillary Cell-Total Organic
Carbon (PILS-LWCC-TOC) instrument measured the
water-soluble BrC absorption at 405 nm and the water-soluble
organic carbon (WSOC) concentration.42 Both the PAS and
PILS-LWCC-TOC used URG sharp-cut Teflon coated
aluminum cyclones, URG-2000-30ED at a flow rate of 5.7 L
min−1 and URG-2000-30EHB at a flow rate of 16.7 L min−1,
respectively, to realize particle size cut-points of 1 μm
aerodynamic diameter. Since we performed chemical experi-
ments instead of field measurements or burn experiments,
there is no absorption contribution from black carbon in our
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chamber. Thus, we can ascribe total absorption at 405 nm to
BrC absorption.
Measurements of gas-phase and particle-phase composition

of oxygenated compounds were performed by the FIGAERO
(Filter Inlet for Gases and Aerosols) I− HR-ToF-CIMS, which
will hereafter be referred to as the FIGAERO-CIMS.43,44 The
FIGAERO-CIMS was largely operated as in Lopez-Hilfiker et
al.,44 and here, we summarize key points and differences from
the previous operations. The FIGAERO-CIMS has two
operating modes switching one after the other: gas-phase
mode and particle-phase mode. In gas-phase sampling mode,
gases are measured with the I− HR-ToF-CIMS while
concurrently in a separate inlet, particles are being collected
on a Teflon filter. No cyclones are used with the FIGAERO-
CIMS, thus the FIGAERO-CIMS has no imposed size cut.
This mode ran in 10-min increments with background gas-
phase measurements being conducted every 2 min to quantify
the background signal originating from the ion-molecule
reaction (IMR) region.45 In particle-phase sampling mode,
heated ultrahigh-purity N2 is pulled through the particle-laden
filter to be sampled by the I− HR-ToF-CIMS, and its
temperature slowly increases from 20 to 200 °C at a rate of
10 °C min−1. This heating evaporates compounds with
different volatilities off the filter at different temperatures and
is known as thermal desorption. The thermal desorption is
followed by a soak period where the temperature is saturated at
200 °C for 32 min. After the soak period, there is a 10-min
cooldown period prior to starting the next sampling cycle. The
particle-phase mode ran in 60-min increments where every
fourth particle desorption was a particle blank, where a second
filter was placed upstream of the FIGAERO collection filter
such that no particles were collected during the sampling
phase. Particle blanks were linearly interpolated and sub-
sequently subtracted from the normal particle desorption
signals. For nitrocatechol, we assessed what fraction the
particle blank contributed to the total particle-phase signal and
subtracted that fraction, which is not the typical linear
interpolation approach and assumes that the magnitude of
the blank scales with the previous amount of nitrocatechol
sampled. The uncertainties from particle-blank subtraction will
be larger for rapidly changing conditions, like during the first

couple of hours after experiment start in the chamber
experiments.
The sensitivity of nitrocatechol for the I− HR-ToF-CIMS

and FIGAERO-CIMS was determined by injecting diluted
solutions of nitrocatechol, acetone, and methanol onto a
poly(tetrafluoroethylene) filter already positioned within our
sampling tube while actively sampling into the I− HR-ToF-
CIMS. During the sampling, we flowed ultrahigh-purity
nitrogen gas into the IMR region for 6 s every 2 min to
measure the amount of background signal originating from
IMR off-gassing, a method known as the fast-zero method.45

The gas-phase sensitivity was computed as in Palm et al., eq
1.45 For the particle-phase sensitivity, the fast-zero background
correction is not applied since FIGAERO-CIMS thermal
desorptions cannot implement the fast-zero method. With a
known mass of nitrocatechol injected, integrating the I− HR-
ToF-CIMS signal allows for a determination of the sensitivity.
The sensitivity of catechol and 4-nitrophenol was determined
similarly except for the following differences. The catechol
solution was composed of catechol and acetone and the 4-
nitrophenol solution was composed of 4-nitrophenol and
acetone. Additional catechol and 4-nitrophenol calibration
experiments were performed while injecting water vapor into
the sample flow resulting in a ratio of roughly 0.4 IH2O

−/I−,
and a water vapor correction equation for the sensitivities was
determined. Another catechol calibration experiment was
conducted by evaporating solid catechol contained in a Teflon
cup. We applied instrument-specific sensitivity values of 11.8
normalized counts per second (ncps)/ppt to particle-phase
nitrocatechol and C12H10N2O8 (Tmax evaluated to be two
nitrocatechols), 33.7 ncps/ppt to particle-phase nitrophenol,
4.6 ncps/ppt to gas-phase nitrocatechol, and 12.2 ncps/ppt to
water-vapor-corrected gas-phase catechol. All sensitivities have
a calibration uncertainty of 30%. When a compound’s
sensitivity was not known, an empirical value of 5 ncps/ppt
was used, though this estimate has little impact on our
conclusions. Particle-phase measurements were converted from
counts to μg m−3 using the particle-phase sensitivities,
compound molecular weights, and standard pressure and
temperature (298 K).

Table 1. Chamber Conditions for All Catechol Oxidation Experiments

expt. no. 1 2 3 4 5

experiment description daytime dark formation with
photochemical aging

dark formation with
extended photochemical
aging

dark formation with extended
photochemical aging without
oxidants

dark formation and
aging (no lights)

temperature range (°C) 23−35 22.5−35 22.5−35 22.7−36 22.6−23
relative humidity (%) <10 <10 <10 <10 <10
initial oxidant type OH NO3 NO3 NO3 NO3

duration (h) 6.65 3.83 18.67 18.38 20.08
time until lights on for
aging (min)

136 99 153

reacted catechol (μg sm−3) 112 33.3 90.0 110 49.9
seed concentration
preoxidant (μg sm−3)

62 101 115 94 160

AMSa maximum w.l.c. OA
produced (μg sm−3)

>30 >36 >52 >46 >57

FIGAERO maximum OA
produced (μg sm−3)

16 46 114 153 78

AMSa SOA yield >0.27 >1.08 >0.58 >0.42 >1.14
FIGAERO-CIMS SOA
yield

0.14 1.38 1.27 1.39 1.56

aFor Expt. 5, an ACSM was used instead of an AMS.
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Five experiments with catechol were conducted. The first
experiment was initiated with OH as the target oxidant with
6.7 h of photochemical aging (Expt. 1), whereas the remaining
experiments were initiated with NO3 as the target oxidant
(Expts. 2−5) with differing aging schemes. The first NO3-
initiated experiment was followed by 1.6 h of photochemical
aging (Expt. 2). The next experiment repeated Expt. 2 but had
17 h of photochemical aging (Expt. 3). Another NO3-initiated
experiment had 17.7 h of photochemical aging without the
oxidants O3 and OH through injections of excess NO and 2-
butanol (Expt. 4). Finally, there was a NO3-initiated experi-
ment with 20.6 h of aging in the dark without oxidants O3 and
OH (Expt. 5). More information on each experiment’s
conditions is provided in Table 1.
In Figures 1 and 2, we illustrate the progress of experiments

and observations using Expts. 1 (OH + NOx) and 3 (NO3 +

long photochemical (hν) aging) as examples. Measurements of
the equilibrium NO3 are presented in Figure S1 and ranged
from 0 to 115 ppt across all of the experiments. In Expt. 1 (OH
+ NOx), hydrogen peroxide (H2O2), nitrous acid (HONO),
catechol, and ammonium sulfate seed were injected before the
lights were turned on to generate OH and NO. HONO was
generated by reacting 3 mL 10% by weight sulfuric acid and 3
mL 1% by weight sodium nitrite, adapted from the method of
Cox and Derwent.46 This reaction also produces NOx, as
observed prior to the lights being turned on. When the lights
turned on, absorption at 405 nm as measured by the PAS and
PILS-LWCC-TOC increased as well as O3, AMS OA, and
particle-phase nitrocatechol, while catechol decreased. In Expt.
3 (NO3 + long hν aging), O3, catechol, and ammonium sulfate
seed aerosol were injected. Catechol + O3 is known to make
SOA47 and we observed this OA before NO2 was added. Once
NO2 was injected, NO3 was produced from the reaction of

NO2 and O3. Following NO2 injection, absorption at 405 nm,
AMS OA, and nitrocatechol all increased as catechol
decreased. To observe the effects of photochemistry, the lights
were turned on for 17 h. Due to volumetric sampling
constraints, the PAS, PILS-LWCC-TOC, and the NOx and
O3 instruments did not sample the chamber for most of this
photochemistry. The PAS and PILS-LWCC-TOC started
sampling again after 15.68 h with the lights on.

2.2. SOA Yield and Volatility. The SOA mass yield is
defined as the mass concentration of the newly formed organic
aerosol (ΔCOA) divided by the mass of the reacted VOC
(ΔVOC). In these experiments, ΔCOA was determined with
wall-loss-corrected (w.l.c.) OA measurements from the AMS
and ΔVOC was estimated with the gas-phase measurement of
catechol from the FIGAERO-CIMS. The wall-loss correction
was implemented by finding the decay rate of the bulk AMS
pSO4 aerosol in each experiment and adding the lost OA mass
back to the baseline measurements. Since the ammonium
sulfate dry aerosol seed was the only source of sulfate aerosol
in the chamber, the decay of sulfate aerosol as measured by the
AMS was solely due to wall loss and gravitational settling. We
also used non-wall-loss-corrected FIGAERO-CIMS OA to
determine ΔCOA and calculate a different SOA mass yield for
reasons discussed in Section 3.1. We also quantified the molar
yield of individual compounds by dividing the observed change
in the molar concentration of the product by the change in the
molar concentration of the reactant.
The volatility of the SOA formed in the experiments was

diagnosed using the FIGAERO-CIMS temperature-pro-
grammed thermal desorptions, which produce thermograms,
the detected ion signals of compounds as a function of the
desorption temperature. The thermogram is a measure of a
compound’s propensity to evaporate from the collected
particles as a function of temperature, and thus is related to
effective volatility. The temperature at which the desorption
signal reaches a maximum is denoted as Tmax. This property
has previously been found to correlate with a compound’s
enthalpy of sublimation and saturation vapor pressure for
approximately ideal mixtures.44 Further discussion of FIG-
AERO thermogram volatility measurements can be found in
Section S1 and Figures S2−S4. While Tmax correlates with
enthalpy of sublimation and saturation vapor pressure, it does
not predict these properties without proper calibration and

Figure 1. Absorption at 405 nm as measured by the PAS and PILS-
LWCC-TOC (labeled PILS); O3, NO, and NO2 as measured by the
NOAA nitrogen oxide cavity ring-down spectrometer; AMS pSO4 and
AMS OA; and particle-phase nitrocatechol and gas-phase catechol
from the FIGAERO-CIMS are plotted across four windows for Expt.
1 (OH + NOx). Chamber events are labeled with arrows and
descriptive text.

Figure 2. Similar to Figure 1, but for Expt. 3 (NO3 + long hν aging).
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given nonidealities likely in realistic organic aerosol systems as
well as thermal decomposition during the desorption
process.44 With the aid of a theoretical evaporation model
framework designed to interpret FIGAERO-CIMS data as
discussed further in Section S2, experimental results can be
compared to the theoretical output.48 A demonstrated example
is provided in Figure S5.
We also utilized gas−particle partitioning theory49−52

applied to nitrocatechol observations in the gas and particle
phases made with the FIGAERO-CIMS, as described in
Section 3, for comparison of effective saturation vapor
concentration, c*, to a suite of predictions by group
contribution methods. While the FIGAERO-CIMS thermal
desorptions are reproducible across experiments and instru-
ments, there are limitations to these experimental methods for
volatility estimates as discussed by Lopez-Hilfiker et al.44,53,54

and Stark et al.55 For example, thermal decomposition of lower
volatility components in the SOA can lead to estimates of
volatility that are biased high.53,54 Additionally, Stark et al.55

found that using measurements to calculate gas−particle
partitioning can result in a skewed volatility distribution, due
to signal-to-background limits of instruments, which will vary
for each compound and instrument. This issue also leads to
estimates of saturation vapor concentrations that may be
biased high.
Evaluated group contribution methods included EVAPO-

RATION, by Compernolle et al.,56 the Myrdal and Yalkowsky
method,57 the method of Nannoolal et al.,58 and SIMPOL.1 by
Pankow and Asher.59 The Myrdal and Yalkowsky,57

Nannoolal,58 and EVAPORATION vapor pressure estimations
for individual compounds were computed with the University
of Manchester’s UManSysProp: Multiphase system online
property prediction tool (http://umansysprop.seaes.
manchester.ac.uk/tool/vapour_pressure), using the Nannoo-
lal60 boiling point method. The Joback and Reid61 boiling
point method has previously been shown to overestimate the
boiling point, and the Nannoolal60 boiling point method has
been shown to exhibit the lowest mean bias error for the
methods considered here.62,63 For each of the group
contribution methods that use a SMILES string as input,
nitrocatechol’s SMILES string was sourced from the Master
Chemical Mechanism (MCM), ON(O)c1ccc(O)c(O)c1.
SIMPOL.1’s calculation of the volatility of nitrocatechol was
done in three ways as Pankow and Asher59 do not explicitly
define how a compound like nitrocatechol is to be treated and
is further described in Section S3. Only the low- and high-
volatility values from these calculations are included in the
analysis hereafter. We emphasize that all group contribution
methods used for this research heavily lack representation from
functionalized nitroaromatic compounds.

3. RESULTS AND DISCUSSION
3.1. SOA Yields. SOA mass yields and molar yields for

nitrocatechol (C6H5NO4) for Expts. 1−5 are summarized in
Tables 1 and S1, respectively. Though ammonium sulfate seed
was added to mitigate loss of vapors to the chamber walls, this
wall loss could still be occurring and thus our SOA mass and
molar yields are lower estimates. The same can be said about
FIGAERO OA mass and molar yields, as the FIGAERO-CIMS
OA is not wall-loss-corrected and is discussed below. Our SOA
yields for each catechol−oxidant pair experiment ranged from
minimums of 0.27 to 1.14 for AMS-derived OA and from 0.14
to 1.56 for FIGAERO-CIMS-derived OA. These results

confirm that SOA mass formation from oxygenated aromatics,
likely important components of S/IVOC not only in wildfire
plumes but also urban areas, can be highly efficient, especially
in the presence of high NOx. Our nitrocatechol molar yields
for each catechol−oxidant pair experiment ranged from 0.02 in
the OH-initiated experiment to 0.81 in the NO3-initiated
experiments. Further discussion of nitrocatechol molar yields
can be found in Section S4.
Maximum OA produced in the experiments as measured by

the AMS and FIGAERO-CIMS differed. As shown in size-
resolved chemical composition measurements by Garofalo et
al.,64 the nitrocatechol produced in the NO3-initiated oxidation
experiments (Expts. 2−5) selectively condensed to larger
particle sizes due to exclusion by existing SOA produced by
ozonolysis of catechol. Consequently, the nitrocatechol-
containing aerosol mode most likely spans the upper size
range cutoffs of the AMS, as well as perhaps the PAS and PILS-
LWCC-TOC. Therefore, using AMS OA for SOA yields may
not be appropriate as the actual size distribution of the
particles was unknown and corrections for transmission
efficiencies would introduce additional unconstrained un-
certainties. Nitrocatechol condensation likely increased particle
size beyond the 750 nm vacuum aerodynamic diameter size cut
of the AMS aerodynamic lens, whereas the FIGAERO-CIMS
had no imposed size cut, causing the discrepancy in maximum
OA mass concentrations. Particle bounce in the AMS is
another possible contributor to the different temporal
evolution in OA mass and properties, but we were unable to
evaluate its importance. Therefore, the reported SOA mass
yields using AMS OA are lower limits. Given that the majority
of SOA in these NO3-initiated experiments was composed of
nitrocatechol, with some OA produced by ozonolysis of
catechol, as will be discussed in Section 3.2, the direct
calibration of the FIGAERO-CIMS to nitrocatechol thereby
provides a reasonably accurate measure of total catechol +
NO3-derived SOA mass. The FIGAERO-CIMS maximum OA
mass concentration is consistently larger than that determined
by the AMS for NO3-initiated oxidation experiments (Expts.
2−5). However, the FIGAERO-CIMS OA cannot be corrected
for wall loss as AMS pSO4 does not capture the larger
nitrocatechol-containing particles. For the reasons discussed
above, the FIGAERO-CIMS-derived SOA mass yields are
more accurate for these NO3-initiated experiments due to the
starting seed size and the heterogeneous nucleation of
nitrocatechol to an independent size mode.
Finewax et al.15 previously reported catechol SOA yields

ranging from 1.11 to 1.45 for OH-initiated oxidation and 1.38
to 1.61 for NO3-initiated oxidation. The FIGAERO-CIMS-
derived SOA yields are in good agreement with the NO3-
initiated oxidation but not the OH-initiated oxidation (Expt.
1). Citing one reason for this difference, Finewax et al.15 used
dioctyl sebacate (DOS) seed aerosol instead of ammonium
sulfate seed aerosol. It is possible that having the added organic
absorbing medium in the seed enhanced yields compared to
having an inorganic seed.65 SOA yield is also affected by
oxidant exposure. The Finewax et al.15 study also differed in
the amounts of reacted catechol and NOx, reacting up to 56
times more catechol than our experiments and up to 100 times
more NOx. The catechol and NOx concentrations used within
the NCAR chamber were based on those measured in fresh
wildfire smoke during the WE-CAN campaign.9,66 Lower
concentrations of catechol and NOx could lead to faster
removal of nitrocatechol and SOA in our experiments
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compared to that of Finewax et al.15 and thus lower net SOA
yields in the OH-initiated experiments.
3.2. Particle Composition of Catechol-Derived SOA.

The 10 particle-phase compounds detected by the FIGAERO-
CIMS having the highest increasing mass-weighted signal for
Expt. 1 (OH + NOx) and Expt. 3 (NO3 + long hν aging) are
shown in Figure 3. The mass spectra of organic compounds at

the time of peak OA mass concentration for Expts. 1 and 3 are
provided in Figure S6. For Expt. 1 (OH + NOx), the most
intense individual ion from the FIGAERO-CIMS was
C6H5NO4I

−, the ion-adduct of nitrocatechol, which increased
after the lights turned on producing OH and NO via H2O2 and
HONO photolysis. Net production of nitrocatechol ceased
when catechol was consumed and subsequently decreased over
time for the rest of the experiment during which the chamber
UV lights remained on to continue producing OH radicals,
mostly from residual HONO and H2O2 photolysis and partly
from ozone photolysis. In addition to nitrocatechol, other
particle-phase compounds with carbon number 4 (C4) to C6
were observed to grow in at differing times, indicating the
evolution of particle composition with oxidative aging, albeit at
relatively much lower abundance than nitrocatechol.
C6H4N2O6, presumably a di-nitro-catechol isomer, was the
second largest compound to grow in after lights on, and
subsequently, more oxidized nitrogen-containing compounds

grew in, such as C6H3NO6. Notably, a set of non-N-containing
C4−C6 were produced, some showing significant oxidation and
potential retainment of aromaticity, such as C6H6O5. These are
unlikely to be fragments upon further inspection of each
compound’s thermograms. In Expt. 1 (OH + NOx), more than
half of the FIGAERO-CIMS detected SOA mass was
distributed over many low abundance components across a
large range of compositions, suggesting a greater degree of
complexity to OH-initiated oxidation compared to NO3-
initiated chemistry discussed below. This is also evident given
the lower overall molar yield of nitrocatechol in Finewax et
al.15 and in this work.
In Expt. 3 (NO3 + long hν aging), nitrocatechol was the

dominant particle-phase compound detected by the FIG-
AERO-CIMS for the entire experiment comprising more than
70% of the OA at maximum OA mass concentrations, even
more so than in Expt. 1 (OH + NOx). Many of the top 10
compounds were C6 compounds, both with and without
nitrogen. While particulate nitrocatechol slowly decayed over
the course of the experiment, many C6 particulate compounds
like C6H6O4, C6H4O4, and C6H6O5 were produced quickly at
the start of the experiment but decayed to near-background
after only 4 h. Other particulate compounds decayed relatively
slower than nitrocatechol, such as C6H4N2O6, C6H5NO5,
C4H4O4, and C6H3NO6. While distributed differently, there
were many overlapping compounds between Expts. 1 (OH +
NOx) and 3 (NO3 + long hν aging). Besides nitrocatechol,
C6H4O4, C6H6O5, C6H3NO6, and C6H4N2O6 are in the top 10
highest signal compounds in the particle phase for both
experiments. Expt. 1 (OH + NOx) has more C4 and C5
compounds consistent with a greater degree of ring-opening
and C−C bond scission pathways during OH-initiated
oxidation compared to NO3.

3.3. Constraints on Nitrocatechol c*. We observed
nitrocatechol to have the largest FIGAERO-CIMS signal for
any individual compound in all of the catechol oxidation
experiments we conducted. However, the volatility, and thus
phase, of nitrocatechol is poorly constrained. A compound’s
phase is an important factor for determining its atmospheric
lifetime, dictating reaction rates with other oxidants as well as
wet and dry deposition rates.67 Moreover, to generalize SOA
formation from aromatics, having accurate volatility distribu-
tions of the major oxidation products is required. These
chamber experiments provided an opportunity to assess the
volatility of nitrocatechol under atmospherically relevant
conditions.
Assuming particles achieved gas−particle equilibrium in the

chamber, we used gas−particle partitioning theory based on
Raoult’s law, eq 1, together with measurements of gas- and
particle-phase concentrations of nitrocatechol and of total OA
mass concentrations to estimate the c* of nitrocatechol

γ
∼ = *
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i i i i
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where ci
p is the mass concentration of compound i in the

particle phase, ci
g is the mass concentration of compound i in

the gas phase, ci
o is the saturation vapor concentration relative

to the pure substance, γi is the activity coefficient for
nonideality, and cOA is the total absorbing organic aerosol
mass concentration. Note for our purposes of estimation, we
assumed that the molecular masses of OA and compound i are
the same and that γi ∼ 1. For these conditions and for all

Figure 3. Time series of the notable increasing particle-phase
compounds in two experiments. Top: Catechol + OH + NOx
(Expt. 1). Bottom: Catechol + NO3 + long hν aging (Expt. 3).
Nitrocatechol (C6H5NO4) is plotted on the blue left y-axis for both
plots, and all other compounds are plotted on the black right y-axis.
Gray shading indicates when the lights were off. No line connects the
data from pre-lights to post-lights in Expt. 1 (OH + NOx) because
particulate compounds are generated after lights were on.
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subsequent analyses, we used the observed total FIGAERO-
CIMS OA and the gas- and particle-phase mass concentrations
of nitrocatechol from each FIGAERO-CIMS desorption period
to solve for the inferred nitrocatechol c*.
The gas−particle partitioning-derived c* estimates for

nitrocatechol are shown in Figure 4. In Expt. 1 (OH +

NOx), the average c* was 12 μg m−3, which was outside the
upper limits of the other experiments but comparable to the
Finewax et al. estimate of 13 μg m−3 considering the likely
order of magnitude uncertainties associated with the method-
ology. The average c* for Expts. 2 through 5 (NO3 oxidation)
ranged from 1 to 4 μg m−3. We show how representative these
average values are for each experiment at every desorption in
Figure S7. Expts. 3 (NO3 + long hν aging) and 4 (NO3 + long
hν aging − oxidants) had the lowest spread of nitrocatechol c*
estimates of the NO3-initiated experiments, whereas Expt. 1
(OH + NOx) had the lowest spread of nitrocatechol c* of all of
the experiments. Expt. 2 (NO3 + short hν aging) lacked aging
conditions to potentially lower the spread and Expt. 5 (NO3 +
long dark aging) showed a near-monotonic decline in
estimated c* over time, as shown in Figure S8. We note that,
in theory, there should only be a single c* value for
nitrocatechol for a given set of conditions, e.g., T, P, total
OA, OA composition, and phase state. The fact that the
estimate for c* varies between experiments and within an
experiment is partly due to variations in the properties of the
OA as it ages, such as viscosity and composition, which would
affect partitioning, in addition to chamber condition variations.
As shown in Figure S5 and discussed in Section S2, the
FIGAERO-CIMS thermograms suggest a nitrocatechol c* that
is at most 5 μg m−3, with the thermogram model assuming that
nitrocatechol-containing particles had grown beyond 1 μm.
Thus, the experimental evidence suggests an effective nitro-
catechol c*, e.g., which includes effects of accretion reactions
and viscosity, that is less than 12 μg m−3 and within aged
particles evolves to be potentially less than 1 μg m−3. To
explain significant nitrocatechol in particles detected at total
organic aerosol mass concentrations less than 30 μg m−3 in
Expt. 1, we require a lower effective c*. For comparison, Booth
et al.68 measured the saturation vapor pressure of nitrocatechol
over the pure solid to be 2.6 μg m−3 and estimated a value of

62 μg m−3 relative to a subcooled liquid, where their difference
may be attributed to their viscosities. Notably, their solid-state
co is on the same order of magnitude as our c* estimates for the
NO3-initiated experiments, in which nitrocatechol was the
dominant particle component, i.e., approaching the pure
substance. In the OH-initiated experiment, nitrocatechol was
part of a more complex particle composition with an unknown
phase state.
We compare the experimental estimates of nitrocatechol c*

to those estimated by multiple group contribution methods in
Figure 5. The group contribution methods as a whole greatly

overestimated nitrocatechol c* compared to the experimental
estimates, with ranges from 102 to 109 μg m−3. The group
contribution methods Nannoolal58 and Myrdal and Yalkow-
sky57 yielded similar c* of 4.7 × 103 and 1.0 × 104 μg m−3,
respectively. The EVAPORATION method had reported the
highest volatility of nitrocatechol at 8.5 × 108 μg m−3.
SIMPOL.1 had ranged from 1.8 × 102 to 2.4 × 106 μg m−3,
depending upon the choice of functional group combinations.
We note that if we used the Joback and Reid61 boiling point
method with the Nannoolal group contribution method, we
were able to produce a nitrocatechol c* of 3 μg m−3, on the
same order as the experimental estimates. These results
indicate that for modeling organic volatility distributions in
both wildfire plumes and urban areas, there is a significant
need to improve saturation vapor pressure estimates for
functionalized aromatics. An expanded version of Figure 5
including different boiling point methods and SMILES strings
is provided in Figure S9.

3.4. Evolution of Particle Light Absorption. Nitro-
catechol absorbs strongly in the near-UV region70−72 and thus
will contribute to BrC.3 Here, we examine the extent to which
the evolutions of particulate nitrocatechol concentrations and

Figure 4. Box plot of the solved nitrocatechol effective saturation
vapor concentrations, c*, for every desorption within each catechol
experiment using gas−particle partitioning theory. The red line in the
box plot is the median, and the blue dot is the mean. The Expt. 1
(OH + NOx) upper whisker is the mean c* computed using AMS OA
since the chamber particles were smaller than 1 μm and fully
detectable by the AMS.

Figure 5. Estimated nitrocatechol effective saturation vapor
concentrations, c*, using different vapor pressure group contribution
methods. This study’s gas−particle partitioning method is the average
of the OH-initiated (open circle) and NO3-initiated (closed circle)
solved c* from Figure 4. Previous literature from Booth et al.68 reports
c* for solid state (triangle) and subcooled liquid state (circle).
Nannoolal58 and Myrdal and Yalkowsky57 c* estimates were
calculated with the Nannoolal60 boiling point estimation method.
SIMPOL.1 presented a range of values depending on the contribution
of the aromatic hydroxyls. Volatility classes are colored and labeled in
the background as in Chuang and Donahue.69
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UV−vis absorption are related to evaluate mechanisms
governing BrC lifetimes. Figure 6 (top left) shows the
normalized evolutions of PAS and PILS-LWCC-TOC
absorption at 405 nm, AMS OA, particle-phase nitrocatechol,
FIGAERO-CIMS total OA, and PILS-LWCC-TOC WSOC
during Expt. 1 (OH + NOx). The unnormalized evolutions are
shown in Figure S10. For this experiment only, the FIGAERO-
CIMS total OA was calculated with nitrocatechol using the
linear particle-blank subtraction method instead of the fraction
particle-blank subtraction method described in Section 2.1.
This was a more appropriate method since only one particle-
blank desorption occurred in this experiment. The AMS OA
and particle-phase nitrocatechol followed a similar trend as the
PAS and PILS-LWCC-TOC absorption, but the particle-phase
nitrocatechol peaked at the same time as the PAS and PILS-
LWCC-TOC absorption and followed their decay shapes more
closely. To account for the decay contributed by particle loss
to the chamber walls, we divide these measurements by the
AMS pSO4. Since there is no evidence that particles grew
outside of the AMS upper size cut in Expt. 1, all particle wall
loss is accounted for across all measurements. We found that
after 21:00 UTC, the AMS OA/AMS pSO4 remained roughly
constant in time, indicating that no net OA was being formed
or lost. The FIGAERO-CIMS total OA/AMS pSO4 yields the
same pattern. However, PAS absorption/AMS pSO4 and
nitrocatechol/AMS pSO4 decayed with continued photo-
chemical aging. The PILS-LWCC-TOC absorption/AMS
pSO4 had the fastest decay. Given this correlated evolution,

and that particle-phase nitrocatechol accounts for the most
FIGAERO-CIMS OA mass concentration as an individual
compound, we believe nitrocatechol, or oligomers which
decompose into nitrocatechol during thermal desorption, may
be responsible for the bulk of particle light absorption formed
in this experiment.
Comparing the evolution of normalized nitrocatechol, PAS

and PILS-LWCC-TOC absorption at 405 nm, AMS OA,
FIGAERO-CIMS OA, and PILS-LWCC-TOC WSOC for
Expt. 3 (NO3 + long hν aging) is not as straightforward
compared to Expt. 1. Nitrocatechol selectively condensed to
larger particles most likely spanning the upper range cutoffs of
the AMS, and perhaps the PAS and the PILS-LWCC-TOC.
Therefore, the decays reported by these instruments are likely
influenced by relative transmission efficiencies of the different
instruments, and thus not representative of the total particulate
matter. With this caveat in mind, we see that the absorption
generally followed the particle-phase nitrocatechol, FIGAERO-
CIMS total OA (primarily nitrocatechol), and PILS-LWCC-
TOC WSOC, and not AMS OA, as shown in Figure 6 (top
right). The unnormalized evolutions are shown in Figure S11.
Since both the PAS and PILS-LWCC-TOC measurements
generally followed the FIGAERO-CIMS measurements and
not AMS OA, the difference between the AMS and all other
instruments is due to the lower size cut at 750 nm vacuum
aerodynamic diameter, but perhaps also due to additional OA
formed after catechol depletion. Normalizing these measure-
ments by AMS pSO4 comes with similar caveats to above. As

Figure 6. Left: Catechol + OH + NOx (Expt. 1). Right: Catechol + NO3 + long hν aging (Expt. 3). Top: Normalized time series of the absorption
as measured by the PAS at 405 nm and PILS-LWCC-TOC (here, PILS); mass concentrations of AMS OA, particle-phase nitrocatechol, and
FIGAERO-CIMS OA (with uncertainties of FIGAERO-CIMS OA calculation from nitrocatechol particle-blank subtraction in Expt. 1 only); and
the concentration of WSOC from the PILS. Bottom: The same measurements divided by AMS pSO4 and then normalized. Exponential decay fits of
each variable are plotted as dashed lines. Lifetimes, τ, of all fits are reported in Table 2.
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some pSO4 grew outside the AMS size cut, pSO4 is
underestimated and would make pSO4 decays appear faster
than the truth and lead to over-correcting for particle wall loss.
This bias would lead to decays that are slower than in reality.
Normalized particle-phase nitrocatechol/AMS pSO4 in the
bottom right, decayed quicker than, but similar to light
absorption/AMS pSO4, and AMS total OA/AMS pSO4
changed relatively little 6.68 h after lights on. PAS and PILS-
LWCC-TOC absorption are highly correlated in time with
particulate nitrocatechol mass concentration even when the
AMS OA mass concentration was not, regardless of normal-
ization to AMS pSO4 to account for particle wall loss. We
cannot definitively conclude that particulate nitrocatechol
determines the evolution of BrC, as measured by PAS and
PILS-LWCC-TOC 405 nm absorption, formed from catechol
oxidation by OH or NO3 under high-NOx conditions (NOx >
10 ppb). However, since nitrocatechol comprises more than
70% of the FIGAERO-CIMS OA at peak OA mass, it is likely
to be the key compound. Secondary oxidation of O3-oxidation
products could be responsible for additional OA production.
The lifetime of PAS 405 nm light absorption, our proxy for

BrC, normalized to AMS pSO4 is ∼17 and 12 h in Expts. 1
(OH + NOx) and 3 (NO3 + long hν aging), respectively.
However, the lifetime of nitrocatechol in the FIGAERO-CIMS
normalized to AMS pSO4 is roughly 2 times shorter in Expt. 3
(NO3 + long hν aging), where SOA was formed by NO3
chemistry without lights followed by photochemical aging with
lights on as seen in Table 2. Normalizing lifetimes to AMS
pSO4 is a way to account for loss of particles to the chamber
walls but will serve as upper limits for the NO3-initiated
experiments where particles grew outside of the AMS size
range. Looking at unnormalized lifetimes still incorporates the
particle wall loss process, but also may not be representative of
all particles in the NO3-initiated experiments as mentioned
previously. Due to chamber volume sampling restrictions, we
do not have PAS light absorption data during overnight
portions of the experiments that would further constrain the
exponential fits. There are a few possible explanations for the
shorter lifetime of particulate nitrocatechol in Expt. 3 (NO3 +
long hν aging) compared to Expt. 1 (OH + NOx). One
possibility could be particle morphology, as, unlike in Expt. 3
(NO3 + long hν aging), the Expt. 1 (OH + NOx) SOA was a
more complex composition where nitrocatechol made up less
than half of total FIGAERO-CIMS OA. Such a situation could
lead to reduced rates of evaporation to the gas phase if particle-
phase nitrocatechol were buried and unable to access the
surface due to diffusion limitations. In addition, differences
between AMS OA, PAS light absorption, and FIGAERO mass
concentration measurements may also be explained in part to
different dependencies on particle size. In Expt. 3 (NO3 + long
hν aging), particles containing nitrocatechol grew beyond the
ammonium sulfate mode to above 750 nm where differences in
instrument particle transmission may affect apparent time
series of the measured variables as particles evaporate and or
settle during aging. These larger nitrocatechol-containing
particles in Expt. 3 (NO3 + long hν aging) would also have
a faster gravitational settling time than those in Expt. 1 (OH +
NOx) and will be reflected in our derived lifetimes. With all
biases stated previously, the range of lifetimes reported
between those that are pSO4-normalized and unnormalized
are likely the best estimates of the actual photochemical
lifetimes. T
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There are several processes that could be driving the
observed decays in nitrocatechol and light absorption.
Photolysis, gas-phase nitrocatechol oxidation, and vapor wall
loss followed by repartitioning are possible contributors.
Further experiments on particulate nitroaromatic chemical
and physical evolution that control for vapor wall interactions
are needed.

4. CONCLUSIONS

A suite of group contribution methods failed to predict a
nitrocatechol c* within the range of the observational
estimates, generally higher by 2 or more orders of magnitude,
though these methods have real-world atmospheric chemistry
modeling applications. EVAPORATION is used in the F0AM-
WAM model73 and has also been used with the CMAQv5.2γ
model74 and SPectral Aerosol Cloud Chemistry Interaction
Model (SPACCIM)75 and SIMPOL.1 is easily coupled to the
MCM.76,77 Thus, there is a need to revisit c* estimation
methods for oxidized and nitrated aromatic compounds. Our
experimental results suggest that nitrocatechol will partition
predominantly into the particle phase, especially in wildfire
smoke plumes but will be subject to significant dynamic
repartitioning upon plume dilution. Differences in nitro-
catechol c* estimations may be attributed to particle viscosity.
If so, relative humidity may play an important factor and needs
to be studied in the future.
Photochemical aging of the catechol-derived SOA led to

continuous loss of nitrocatechol particle mass, as well as BrC
absorption at 405 nm, at rates that exceeded seed particle wall
loss rates. The BrC light absorption measured by PAS decayed
via photochemical aging with a lifetime of ∼17 and ∼12 h in
OH- and NO3-initiated SOA chamber experiments, respec-
tively. These chamber lifetimes are similar to previously
reported lifetimes of BrC in transported wildfire smoke, but
our chamber lifetimes will need to be translated to atmospheric
lifetimes for further comparison.30 We expect lifetimes to be
longer in the atmosphere as our oxidant concentrations were
higher in the chamber and wall loss occurred in the chamber. A
more thorough experiment isolating each reaction pathway is
required to estimate atmospheric lifetimes. However, the
observed particulate nitrocatechol decay upon photochemical
aging differed between experiments, exhibiting a lifetime of
roughly 21 h when formed from OH chemistry and ∼7 h from
dark chemistry. While generally consistent with the measured
BrC lifetimes, the more rapid loss of nitrocatechol suggests the
potential for additional contributors to 405 nm light
absorption than nitrocatechol alone.
Nitroaromatics such as nitrocatechol are not only present in

biomass burning smoke but can arise from the oxidation of
anthropogenic emissions of aromatics associated with fossil
fuel use and volatile consumer products (VCP).78 Nitro-
aromatics are thus also likely important in urban SOA. Based
on our findings, it is possible that air quality models may be
underestimating an anthropogenic SOA source if not tracking
the multigenerational aging of aromatics. In addition, nitro-
aromatics are used in pesticides, dyes, explosives, pharmaceut-
icals, and chemical industries, and such knowledge of their c*
will help determine emissions from these potential source
categories. Previous research studying the volatility of the
aerosol in these urban environments using group contribution
methods will likely need to be reevaluated.
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