
1.  Introduction
Biomass burning is a major source of gas- and particle-phase carbon in the atmosphere (Akagi et  al.,  2011; 
Reddington et al., 2016). It impacts both climate and air quality and is expected to increase with climate change 
(Abatzoglou & Williams,  2016). Biomass burning is also the major source of brown carbon (BrC), which 
can contribute to positive climate forcings by absorbing solar radiation in near-ultraviolet (UV, 300–400 nm) 
to visible (400–700  nm) range (Feng et  al.,  2013; Laskin et  al.,  2015; Zeng et  al.,  2020). Atmospheric BrC 
sources include primary organic aerosol emission and secondary organic aerosol (SOA) formation. Humic-like 
substances (HULIS) formation via in-cloud processing is a well-known important source of secondary BrC, while 
nitrogen-containing aromatic compounds and particle-phase reactions of organics with carbonyl moieties in the 
presence of ammonium are also recognized to be significant sources of secondary BrC (De Haan et al., 2020; 
Galloway et al., 2009; Hoffer et al., 2006; Laskin et al., 2015; Palm et al., 2020; Updyke et al., 2012). As thou-
sands of volatile organic compounds (VOCs) are emitted from biomass burning plumes (Hayden et al., 2022), the 
formation and aging process of BrC in the atmosphere is complicated, contributing to the large uncertainties in 
aerosol radiative impact in current climate models (Boucher et al., 2013).

Biomass burning SOA has been proposed to largely originate from the oxidation of understudied VOCs such 
as phenols or furans (Akherati et al., 2020; Bruns et al., 2016; Hatch et al., 2017). Furans are a major class of 
heterocyclic compounds in biomass burning emissions that are generated from pyrolysis of cellulose (Ciccioli 
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et al., 2001; Gilman et al., 2015; Hatch et al., 2017; Mettler et al., 2012) and 
are prevalent in other environments (e.g., tobacco smoke and indoor air) (Sheu 
et al., 2021, 2022). This class of compounds is highly reactive with atmos-
pheric oxidants and can produce high yields of carbonyls that can further 
react to form BrC in the presence of ammonium (Aschmann et  al.,  2014; 
De Haan et al., 2020; Decker et al., 2019; Gómez Alvarez et al., 2009; Jiang, 
Tsona, et al., 2019; Koss et al., 2018; Laskin et al., 2015; Lee et al., 2013; 
Updyke et al., 2012). Hence, furan oxidation has the potential to serve as an 
important source of secondary BrC, but the optical properties of furans SOA 
formed via photooxidation have not been investigated, with studies limited 
thus far to nighttime oxidation (Chen, Mayorga, et al., 2022; Chen, Raeofy, 
et al., 2022; Jiang, Frie, et al., 2019).

The overall aim of this work is to improve understanding of the chemical 
composition and optical properties of SOA derived from biomass burn-
ing plumes via daytime oxidation and aging. Specifically, we investigate 
secondary BrC formation from photooxidation of major furans emitted 
from biomass burning: furfural, 2-methylfuran, and 3-methylfuran (Ciccioli 
et al., 2001; Decker et al., 2019; Gilman et al., 2015). Laboratory chamber 
experiments are conducted to generate SOA under different humidity condi-
tions with filter sampling and subsequent offline analysis to examine the 
light-absorbing properties of furans SOA. Aerosol chemical composition is 
measured using both online and offline techniques in order to identify species 
and molecular functionalities associated with BrC formation.

2.  Materials and Methods
2.1.  Environmental Chamber Experiments

Experiments are performed in the Georgia Tech Environmental Chamber (GTEC) facility (Boyd et al., 2015) 
at 22°C under dry (RH<5%) and humid (RH ∼ 50%) conditions (Table  1). Ammonium sulfate ((NH4)2SO4) 
seed aerosol is injected into the chamber by atomizing a 0.015 M solution without a dryer downstream of the 
atomizer. The particle number and volume concentrations following 20 min of atomization under dry conditions 
are typically ∼20,000 cm −3 and ∼20 μm 3/cm 3, respectively. Substantially higher seed particle volume concentra-
tions (∼35 μm 3/cm 3) are observed in humid experiments due to the deliquesced nature of (NH4)2SO4 (Takeuchi 
& Ng,  2019). The desired amount of 2-furanaldehyde (furfural, 99%, Sigma-Aldrich), 2-methylfuran (99%, 
Sigma-Aldrich), and 3-methylfuran (98%, ACROS) is injected into a glass bulb and then carried into the chamber 
via pure air flow. HONO, which has been reported as the dominant contributor to the hydroxyl radical (OH) in 
wildfire plumes, especially in the early stage of oxidation (Palm et al., 2020; Peng et al., 2020), is injected as an 
OH precursor ([OH] = 6 × 10 6–10 7 molecules/cm 3 in the chamber). HONO is synthesized by dripping 1% wt 
NaNO2 (VWR International) into 10% wt H2SO4 (VWR International) in a glass bulb at a volume ratio of 1:2. 
Pure air is then passed over the mixture solution to introduce HONO into the chamber (Tuet et al., 2017). During 
the HONO synthesis, NO and NO2 are formed as byproducts, and initial NOx/VOC of the experiments range from 
1.2 to 2.2, similar to the range reported from combustion studies (Coggon et al., 2019; Tiitta et al., 2016). In each 
experiment, aerosol filter samples are collected onto two 47 mm Teflon filters (2 μm pore size, Pall Corporation) 
simultaneously using a flow splitter (1100, Brechtel) around the time of the maximum aerosol mass concentra-
tion. Filter samples are stored in a freezer (≤−15ºC) until the analysis.

2.2.  Instrumentation

One set of filters is cut into halves and each half is extracted with water or methanol to measure the light absorp-
tion spectra using a 2.5-m path-length liquid waveguide capillary cell (LWCC, World Precision). A deuterium 
tungsten halogen light source (DT-Mini, Ocean Optics) and a light detector (USB4000, Ocean Optics) are 
coupled with the LWCC to continuously monitor 230–800 nm wavelength. Light absorption coefficient (Absλ) of 
each solution is calculated following Hecobian et al. (2010) (detailed in Supporting Information S1). Absorption 

Precursor

Initial 
NOx 
(ppb)

RH 
(%)

Injected 
hydrocarbon 
(HC) (ppb) a ΔHC (ppb)

Organic mass 
concentration 
during filter 
collection 
(μg/m 3) b

Furfural 576 <5 294.8 ± 6.3 212.4 ± 6.3 78.9 ± 6.5

Furfural 540 53 246.0 ± 2.8 163.6 ± 2.8 194.1 ± 19.7

2-methylfuran 734 <5 537.0 ± 7.1 537.0 ± 7.1 34.5 ± 3.7

2-methylfuran 774 53 588.4 ± 5.9 588.4 ± 5.9 72.1 ± 9.2

3-methylfuran 964 <5 629.2 ± 9.5 629.2 ± 9.5 85.1 ± 15.0

3-methylfuran 741 46 621.6 ± 7.3 621.6 ± 7.3 86.2 ± 14.4

 aHC uncertainties are calculated based on the calibration error and 1σ of HC 
concentrations prior to photooxidation.  bThe density of 2- and 3-methylfuran 
SOA (ρSOA) is adopted from a previous work (1.23 ± 0.09 and 1.34 ± 0.14 g/
cm 3, respectively) (Gómez Alvarez et  al., 2009), and that of furfural SOA 
(1.35 ± 0.1 g/cm 3) is estimated from additional dry and humid nucleation 
experiments using the method in Bahreini et al. (2005). 1 m 3 of chamber air 
volume is drawn through the filters in each experiment. The uncertainties 
shown for organic mass concentration are calculated from 1σ of aerosol 
volume measured by the SMPS during the filter collection and uncertainties 
in ρSOA.

Table 1 
Summary of Experimental Conditions

 19448007, 2024, 1, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023G

L104900 by Test, W
iley O

nline Library on [03/03/2024]. See the Term
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons License



Geophysical Research Letters

JOO ET AL.

10.1029/2023GL104900

3 of 11

Ångström exponents (AAE) are determined by fitting Absλ with a power law as shown in Figure S1 in Supporting 
Information S1. To account for the dependency of Absλ on the mass concentration (CM), mass absorption effi-
ciency (MAE = Absλ/CM) is estimated. The imaginary refractive index (kλ), which is the absorption component of 
the refractive index, is calculated using Equation 1 to facilitate a comparison of the light-absorbing properties of 
furans SOA in this study with previous studies. ρSOA is obtained from Gómez Alvarez et al. (2009) and additional 
nucleation experiments following the method in Bahreini et al. (2005) (Table 1).

𝑘𝑘𝜆𝜆 =
𝜌𝜌SOA ⋅ 𝜆𝜆 ⋅ Abs𝜆𝜆

4𝜋𝜋 ⋅ 𝐶𝐶𝑀𝑀

=
𝜌𝜌SOA ⋅ 𝜆𝜆

4𝜋𝜋
⋅MAE� (1)

The other set of filters is extracted with methanol for offline chemical composition analysis by a liquid chromatog-
raphy coupled with electrospray ionization and high-resolution quadrupole time-of-flight tandem mass spectrom-
etry (LC-ESI-Q-ToF, Agilent 1260 Infinity LC and Agilent 6550 Q-ToF) (Ditto et al., 2018). Agilent Poroshell 
120 SB-Aq reverse-phase column is used for LC, and the analysis is performed in both positive and negative 
ionization modes. The MS mode (ToF only) and MS/MS mode (tandem MS mode) are applied for the analysis of 
OA extracts to identify speciated composition and functional group distribution, respectively (Ditto et al., 2022). 
Ions detected in the MS mode that are validated through blank subtraction and quality assurance/quality control 
(QA/QC) processes are selected for MS/MS analysis (performed via auto MS/MS preferred-list-only mode from 
Agilent Masshunter acquisition mode) using the retention time and m/z. For this analysis, an average of 77% of 
compounds observed in MS mode are selected for MS/MS mode analysis based on the molecular feature score, 
structure score, and separation results of compounds (oxygen- or nitrogen-containing) having high signal abun-
dance from MS mode. The MS/MS spectra are imported into SIRIUS with CSI: Finger-ID for molecular struc-
ture prediction, which can provide information on functional group distribution with high probability (Dührkop 
et al., 2015, 2019a; Hoffmann et al., 2022; Schymanski et al., 2017). Details of filter extractions, instrument 
conditions, data processing, and QA/QC have been discussed previously (Ditto et al., 2018, 2020, 2022).

Aerosol chemical composition is continuously measured using a High-Resolution Time-of-Flight Aerosol Mass 
Spectrometer (HR-ToF-AMS, Aerodyne Research Inc.) (Canagaratna et  al.,  2015; DeCarlo et  al.,  2006). A 
Filter Inlet for Gases and AEROsols (FIGAERO) (Lopez-Hilfiker et al., 2014) coupled with a High-Resolution 
Time-of-Flight iodide Chemical Ionization Mass Spectrometer (HR-ToF-CIMS, Aerodyne Research Inc.) is used 
to measure gas-phase and particle-phase oxidized organic composition. FIGAERO collects particles on a PTFE 
filter (Pall Corp., Zefluor 25  mm, 2  μm pore-size) while measuring gas-phase species from HR-ToF-CIMS, 
followed by a thermal desorption cycle to measure particle-phase species. Volatility distribution is estimated as 
saturation mass concentration (C*, μg/m 3) from the temperature corresponding to the signal peak (Tmax) obtained 
during the desorption cycle of known compounds. The operation of FIGAERO-CIMS and the C* estimation 
calibration were detailed in previous studies (Joo et al., 2019; Stark et al., 2017; Takeuchi & Ng, 2019).

A scanning mobility particle sizer (SMPS) consisting of a differential mobility analyzer (DMA) (TSI 3040) 
and a condensation particle counter (CPC) (TSI 3775) is operated to monitor size-dependent particle number 
and volume concentrations. We note that a dryer is not attached at the inlet of all particle-sampling instru-
ments to avoid loss of semi-volatile compounds and alteration in particle-phase aqueous reactions during the 
drying process (Faust et al., 2017; Zhang et al., 2011). The amount of precursor VOC is monitored using a gas 
chromatograph-flame ionization detector (GC-FID, Agilent 7890A) with a PLOT-Q column (Agilent). A cavity 
attenuated phase shift monitor (CAPS; Aerodyne Research Inc.) (Kebabian et  al., 2005) and a NO-NO2-NOx 
Analyzer (42C, Thermo Fisher Scientific) measure NO2 and NO, respectively.

3.  Results and Discussion
3.1.  Optical Properties of Furans SOA

The 3 furans tested form varying amounts of BrC under dry and humid conditions. Figure 1 and Table S1 in 
Supporting Information S1 summarize the MAE, AAE, and k values of furfural, 2-methylfuran, and 3-methylfuran 
SOA (methanol extracts) with water extract results shown in Figure S2 in Supporting Information S1. Here, 
we focus on discussing methanol extracts results as they show stronger light-absorbing properties. Furfural 
SOA exhibits the highest MAE throughout the 300–700 nm wavelength range, followed by 2-methylfuran and 
3-methylfuran SOA (Figure 1a). For each precursor, additionally, MAE is observed to be higher for SOA formed 
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under dry conditions than humid conditions. The calculated AAE, which depends solely on the types of chromo-
phores (Hecobian et al., 2010), follows similar trends as MAE (Figure 1b). It is noted that humid 2-methylfuran 
SOA and dry and humid 3-methylfuran SOA have substantially lower AAE than the other furans SOA. Among 
all the experiments, only furfural SOA exhibits AAE that approaches the regime of laboratory-generated smoke 
or biomass-burning HULIS (shaded region in Figure 1b, AAE = 7–16) (Chen & Bond, 2010; Hoffer et al., 2006).

We further estimate k in order to compare the light absorption of furans SOA with atmospherically relevant 
light-absorbing materials (Figure 1c). Here, we report k365 (average of k between 360 and 370 nm) as the repre-
sentative absorption property of furans SOA. We chose this wavelength range since it is sufficiently far from 
the UV region, which avoids interferences from non-organic compounds, and is comparable to the range used 
in previous studies (Hecobian et al., 2010; Laskin et al., 2015; Liu et al., 2016, 2021). Overall, the k365 values 
of furans SOA are higher than those of biogenic SOA, but they are comparable to the k values of anthropogenic 
SOA. Specifically, k365 of furfural SOA is comparable to that of toluene/m-xylene SOA formed in the pres-
ence of NOx whereas k365 of methylfurans SOA is comparable to toluene/m-xylene SOA formed without NOx. 
Among the furans SOA, only the k365 values of furfural SOA are within the range of atmospheric BrC. Taken 
together with the higher furfural emissions from biomass burning (Ciccioli et  al.,  2001; Decker et  al.,  2019; 
Gilman et al., 2015) and similar or higher SOA formation at lower initial concentration compared to methylfurans 
(Table 1), our results highlight that the photooxidation of furfural can be an important source of secondary BrC 
during photochemical processing of biomass burning plumes, especially when the biomass burning event and 
following oxidation occur under lower humidity conditions (e.g., California Williams Fire (Akagi et al., 2012)).

Figure 1.  (a) Mass absorption efficiency (MAE), (b) absorption Ångström exponents (AAE) of furans SOA (methanol extracts), and (c) comparison of imaginary 
refractive index k of furans SOA with previous studies. “2MF” refers to 2-methylfuran and “3MF” refers to 3-methylfuran oxidation experiments. Dry and humid 
correspond to the chamber relative humidity under which the SOA is formed. Shaded regions in (b) and (c) represent the range of atmospheric BrC (Reprinted with 
permission from Liu et al. (2015) Copyright 2015 Copernicus Publications).
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3.2.  Relationship Between Bulk SOA Chemical Composition and Optical Properties

Bulk furans SOA composition measurements using HR-ToF-AMS reveal a correspondence between 
light-absorbing properties and nitrogen-containing organic compounds (NOCs). Specifically, we observe a linear 
relationship between MAE at 365 nm (MAE365) and the fraction of NOCs-related ions (i.e., CxHyNn + and CxHy-
OzNn + ion types) in furans SOA (Figure 2a). NOCs-related ions could arise from amines, amides, amino acids, 
or nitro functionalities fragmentation during the electron ionization impaction (70 eV) of vaporized particles in 
HR-ToF-AMS (Xu et al., 2021). As only a small portion of nitro functionalities can be measured as NO + and NO2 + 
ions (Xu et al., 2021), these ions are excluded when estimating NOCs fraction as they dominantly correspond to 
organonitrate (Farmer et al., 2010), which are reported to be small contributors to light-absorbing properties (Liu 
et al., 2012, 2021). Furfural SOA shows the highest fraction of NOCs-related ions (8% and 4% for dry and humid 
conditions, respectively) and MAE365 (0.86  m 2/g and 0.34  m 2/g for dry and humid conditions, respectively). 
Whereas, the NOCs fraction and MAE365 of 2- and 3-methylfuran SOA are less than 2% and 0.2 m 2/g, respec-
tively. While the fraction of NOC-related ions in furans SOA is lower than other prominent ion types (i.e., CxHy +, 
CxHyOz +) (Figure S3 in Supporting Information  S1), previous studies reported that NOCs-related functional 
groups can be the main components of BrC chromophores despite the small mass fractions of NOCs-related ions 
(i.e., fragments) in aerosol (Laskin et al., 2015; Liu et al., 2021; Palm et al., 2020).

NOCs-related ions are predominated by CxHyNn + ion type, contributing 6% and 3% to furfural SOA formed 
under dry and humid conditions, respectively (Figure S3 in Supporting Information S1). Such contributions are 
largely comprised of m/z 27 (CHN +) and two clusters around m/z 40 (C2H2N +) and 52 (C3H2N +). Meanwhile, 
the CxHyNn + ion type contributes ≤1% in 2-methylfuran and 3-methylfuran SOA without apparent clusters. The 
CxHyNn + ion type has been reported as an important contributor to BrC in glyoxal-(NH4)2SO4 droplets and SOA 
formed from photochemical oxidation of toluene (Lee et al., 2013; Liu et al., 2021). This ion type can correspond 
to compounds with C-N bonds that enhance light absorption (Galloway et al., 2009; Laskin et al., 2015; Nozière 
et al., 2009). Specifically, glyoxal-(NH4)2SO4 droplet experiments showed large contributions of m/z 27 (CHN +), 
41 (C2H3N +), and 68 (C3H4N2 +), while toluene SOA had large contributions of m/z 27 (CHN +), 41 (C2H3N +), and 
43 (C2H5N +) (Lee et al., 2013; Liu et al., 2021). Despite the difference in CxHyNn + ion type distribution, glyoxal 
SOA and furfural SOA share a similar humidity dependency of light-absorbing properties, showing a stronger 
absorbance when the SOA is formed under dry conditions (De Haan et al., 2020), whereas toluene SOA shows a 
higher MAE365 when formed under humid conditions (Liu et al., 2016). The similarity in light absorption spectra 
response between furfural SOA and glyoxal SOA under humid conditions may indicate that these two precursors 
produce SOA with more similar optical and chemical characteristics compared to toluene SOA.

We further perform offline analysis of SOA filter samples using LC-ESI-Q-ToF, focusing on furfural SOA since it 
exhibits both AAE and k values that approach the ranges reported for ambient biomass burning samples (Figure 1). 
The MS-mode results identify a wide range of molecular sizes (C4–C30), which is dominated by CHON compounds 

Figure 2.  (a) Relationship between the fraction of nitrogen-containing organic compounds (NOCs) observed as 
NOCs-related ions via AMS versus MAE365. (b) Nitrogen-containing functional group distribution of furfural SOA under dry 
(left) and humid (right) conditions. Ion abundance of compounds with each functional group type is normalized by the total 
ion abundance measured via LC-ESI-Q-ToF (MS mode).
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(Figure S4 in Supporting Information S1). These CHON compounds are further categorized into less-oxygenated 
versus more-oxygenated subgroups, using the O/N ratio of organonitrate to delineate the two, though O/N  ≥  3 
compounds may contain a reduced nitrogen atom and multiple other oxygen-containing groups rather than an orga-
nonitrate functional group (Ditto et al., 2022). Overall, O/N < 3 compounds dominate dry furfural SOA (45.7%) and 
O/N ≥ 3 compounds dominate humid furfural SOA (46.9%) (Figure S4 in Supporting Information S1). MS/MS-mode 
results exhibit the distribution of nitrogen-containing functional groups for furfural SOA formed under dry and humid 
conditions (Figure 2b). Generally, dry furfural SOA has substantial contributions from reduced nitrogen-containing 
functional groups (i.e., amines, amides) containing C-N bonds, followed by organonitrate and nitro functional groups. 
Among these functional groups, the abundance of amines and amides suggests humidity dependence, being substan-
tially enhanced in dry conditions. We also observe more compounds containing imines, another reduced nitrogen 
functionality with C-N bonds, among the total number of identified compounds in dry furfural SOA (Figure S5 in 
Supporting Information S1). For NOCs in humid furfural SOA, we also observe the presence of enamine, azole, and 
nitrophenol groups in addition to amine, amide, organonitrate, and nitro functional groups.

It is noted that reduced NOCs in furfural SOA would have been most often measured as CxHyNn + ion type in 
HR-ToF-AMS owing to hard ionization that induces a significant level of fragmentation of the parent compounds 
compared to electrospray ionization used for LC-ESI-Q-ToF. Nevertheless, results of bulk composition anal-
ysis from both HR-ToF-AMS and LC-ESI-Q-ToF demonstrate that reduced nitrogen-containing compounds 
possessing C-N bonds can be substantial among NOCs in furfural SOA and correspond to BrC. The greater 
abundance of amines and amides and higher MAE365 for dry furfural SOA suggest that the presence of these 
functional groups potentially governs the light-absorbing properties of furfural SOA. Furthermore, the presence 
of aerosol liquid water under humid conditions could have facilitated additional reactions to generate a variety of 
nitrogen-containing functional groups.

3.3.  Particle-Phase Pathways Yielding Reduced C5 NOCs in Furfural SOA

A simplified NOCs formation mechanism during furfural photooxidation is proposed in Figure 3a. The carbonyl 
functionality in furfural and 4-oxo-2-pentendial, which is a first-generation oxidation product from furfural 
photooxidation detected by the HR-ToF-CIMS in the gas phase and also reported by Zhao and Wang (2017), can 
interact with NH3 (present as NH3 (aq) or NH4 + in seed aerosol) (Lee et al., 2013) and generate amines in a hemi-
aminal form (C5H7NO2 and C5H7NO3). C5H7NO2 and C5H7NO3 can then undergo accretion reactions or dehydra-
tion to form imines (C5H5NO and C5H5NO2) that can be followed by N-heterocyclic compounds formation and 
further accretion reactions (Bones et al., 2010; Kampf et al., 2016; Laskin et al., 2015; Lee et al., 2013; Updyke 
et al., 2012). The NOCs in Figure 3a possess C-N bonds that can enhance light absorption (Galloway et al., 2009; 
Laskin et al., 2015; Nozière et al., 2009) and can participate in reactions to form high-molecular-weight compounds 
observed by LC-ESI-Q-ToF (Figure S4 in Supporting Information S1), similar to the reactions reported during 
α-dicarbonyls (glyoxal, methylglyoxal, etc.) photooxidation in the presence of NH3/NH4 + (De Haan et al., 2020; 
Laskin et al., 2015; Lee et al., 2013; Updyke et al., 2012).

Among the NOCs in Figure 3a, we find that a small portion of amines can exist as monomers in the particle phase 
(Figure S6 in Supporting Information S1). Nevertheless, thermograms (Figure 3b) show that they are mostly asso-
ciated with high-molecular-weight NOCs as the C* of amines are skewed toward the extremely low-VOC (ELVOC) 
region (Donahue et al., 2012) with multi-peak-pattern thermograms (Figure S6b–S6e in Supporting Information S1) 
and having higher Tmax (C5H7NO2: 128.4°C, C5H7NO3: 82.7°C) than that of C5 calibrant (glutaric acid, C5H8O4, 43°C) 
obtained during FIGAERO calibration. We also identify formulas that correspond to imines (C5H5NO and C5H5NO2), 
but they likely arise from fragmentation of accretion products, showing negligible signals at high-C* (low Tmax) 
region (Figure 3b). Measurement of the proposed amines and imines can result from the fragmentation of amides 
or enamines observed in Figure 2b, which are formed by the reaction of amines with carboxylic acids or carbonyls, 
respectively (Barsanti & Pankow, 2006; Bones et al., 2010; Price et al., 2014). Furthermore, Mannich-type reaction 
and aldol condensation, which are reported to enhance light absorption at 300–400 nm (Nozière & Esteve, 2007; 
Nozière et al., 2010), are other forms of accretion reactions that the proposed C5 amines and imines can participate in.

The browning reactions described here, including amine/imine formation and their accretion reactions, are typi-
cally considered aqueous processes (Laskin et al., 2015). Accordingly, amines (C5H7NO2 and C5H7NO3) in the 
particle phase are more rapidly formed under humid conditions than under dry conditions, where amine-related 
compounds reach their maximum signal immediately when oxidation begins in humid conditions (Figure 3c). 
However, De Haan et al. (2020) found that Maillard chemistry can also occur on the surface of dry (NH4)2SO4 
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seed aerosol, where glyoxal can access and deplete a trace amount of water. Similarly, furfural and its oxidation 
products may undergo such processes to enhance aerosol browning under dry conditions. We additionally note 
that 2-methylfuran and 3-methylfuran can participate in similar reactions in the particle phase owing to the 
formation of dicarbonyls during photooxidation (Aschmann et al., 2014; Gómez Alvarez et al., 2009), although 
the difference in the reactivity of carbonyls in particle phase may have led to their reduced optical properties 
compared to furfural SOA (Hensley et al., 2021).

4.  Conclusions
To our knowledge, this is the first study to demonstrate secondary BrC formation from photochemical oxidation 
of furans. Among the major furans (furfural, 2-methylfuran, and 3-methylfuran) emitted from biomass burning, 

Figure 3.  (a) Proposed uptake and reaction pathway of furfural and 4-oxo-2-pentendial to (NH4)2SO4 seed aerosol. Boxed compounds are detected by 
FIGAERO-CIMS. (b) Thermogram of C5H5NO, C5H5NO2, C5H7NO2, C5H7NO3 in dry furfural SOA. Dashed line refers to the Tmax of C5 calibrant (glutaric acid, 
C5H8O4). (c) Time series of particle-phase compounds (from FIGAERO-CIMS) with SOA mass concentration (calculated from SMPS volume concentration and ρSOA).
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we find that furfural generates the most SOA and BrC chromophores. Combined with the higher emission rate 
of furfural compared to 2- and 3-methylfuran from biomass burning (Gilman et al., 2015; Hatch et al., 2017), 
the results in this study suggest that furfural can potentially serve as one of the most important SOA precursors 
among furans emitted from biomass burning. The stronger light absorption of furfural SOA corresponds to a 
higher fraction of reduced NOCs, dominated by amines and amides. Formation of such reduced NOCs likely 
contributes to the MAE values of furfural SOA formed via photooxidation, being 4–10 times higher than that 
formed via nighttime oxidation, where conjugated carbonyls were reported to be the main BrC chromophores 
(Chen, Mayorga, et al., 2022; Chen, Raeofy, et al., 2022). The nitrogen-containing functional group formation is 
driven by reactions between NH3/NH4 + from (NH4)2SO4 seed aerosol and the carbonyl functionality in furfural 
and its oxidation products. While there are considerable variations between plumes based on fire type, intensity, 
and location, a possible region where the reactions studied could occur is where the smoke plumes age and mix 
with background air, and contributions from the smoke plumes and background air are in more similar portions. 
For example, Xu et al. (2022) showed that OH exposure can be high at the edge of plumes and Pratt et al. (2011) 
reported the fraction of inorganic components in aerosol increased from 5.9% to 27.4% as the plume aged, which 
can be the results of both mixing with background air during plume dilution and secondary processes (Akagi 
et al., 2012; Falkovich et al., 2005; Fiedler et al., 2011; Souri et al., 2017). In these regions, species from smoke 
plumes, such as furans and NOx, can still be enhanced and react in the presence of pre-existing (NH4)2SO4 to form 
reduced NOCs. This oxidation process can continue over large spatial scales as the plumes continue to mix with 
the background air, and VOCs still remain and can continue to be oxidized in the presence of background inorganic 
aerosol. Functionalities in furfural NOCs further trigger reactions to form accretion products such as amides and 
enamines that have lower volatility, resulting in increased SOA mass concentration along with BrC formation. 
Accordingly, furfural photooxidation products can interact with other functionalized compounds and enhance 
the amount of SOA and BrC in biomass burning plumes, eventually extending the lifetime of biomass burning 
BrC via the generation of high-molecular-weight compounds (Di Lorenzo & Young, 2016; Wong et al., 2019). 
Future studies warrant more attention to the formation of reduced NOCs in the presence of various pre-existing 
aerosol given their diverse, yet variable, existence (e.g., Ditto et al. (2020); Ditto et al. (2022); Lee et al. (2013)) 
and continuous measurements of the light absorption during oxidation of furans, or other photochemically driven 
processes, as BrC chromophores can be both bleached and enhanced during these processes (Hems et al., 2021; 
Laskin et al., 2015; Updyke et al., 2012; Wong et al., 2019), which could strongly influence the overall optical 
importance of these compounds throughout their atmospheric lifespan.

Data Availability Statement
The chamber experiment data reported in this study are available at Joo et al. (2023) in the Index of Chamber 
Atmospheric Research in the United States (ICARUS) database (Nguyen et al., 2023). SIRIUS is used in this 
study for the LC-MS/MS data analysis (Dührkop et al., 2019b).
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