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A B S T R A C T   

Biomass burning (BB) is an important source of primary organic aerosols (POA). These POA contain a significant 
fraction of semivolatile organic compounds, and can release them into the gas phase during the dilution process 
in transport. Such evaporated compounds were termed “secondarily evaporated BB organic gases (SBB-OGs)” to 
distinguish them from the more studied primary emissions. SBB-OGs contribute to the formation of secondary 
organic aerosols (SOA) through reactions with atmospheric oxidants, and thus may influence human health and 
the Earth’s radiation budget. In this study, tar materials collected from wood pyrolysis were taken as proxies for 
POA from smoldering-phase BB and were used to release SBB-OGs constantly in the lab. OH-initiated oxidation of 
the SBB-OGs in the absence of NOx was investigated using an oxidation flow reactor, and the chemical, optical, 
and toxicological properties of SOA were comprehensively characterized. Carbonyl compounds were the most 
abundant species in identified SOA species. Human lung epithelial cells exposed to an environmentally relevant 
dose of the most aged SOA did not exhibit detectable cell mortality. The oxidative potential of SOA was char
acterized with the dithiothreitol (DTT) assay, and its DTT consumption rate was 15.5 ± 0.5 pmol min−1 μg−1. 
The SOA present comparable light scattering to BB-POA, but have lower light absorption with imaginary 
refractive index less than 0.01 within the wavelength range of 360–600 nm. Calculations based on Mie theory 
show that pure airborne SOA with atmospherically relevant sizes of 50–400 nm have a cooling effect; when 
acting as the coating materials, these SOA can counteract the warming effect brought by airborne black carbon 
aerosol.   

1. Introduction 

On a global scale, biomass burning (BB) is the main source of primary 
organic aerosols (POA) (Bond et al., 2004; Huang et al., 2015), and the 
second-largest source of atmospheric volatile organic compounds 
(VOCs) (Akagi et al., 2011; Yokelson et al., 2013). VOCs directly emitted 
from BB (BB-VOCs) contain various oxygenated species (Hatch et al., 
2017; Koss et al., 2018), with a high potential to form secondary organic 

aerosols (SOA) during atmospheric aging (Bruns et al., 2016). Apart 
from that, a significant fraction of BB-POA constituents are semivolatile 
(Huffman et al., 2009; May et al., 2013; Hatch et al., 2018), suggesting 
that they can contribute to SOA formation through evaporation, 
oxidation, and re-condensation processes (Robinson et al., 2007; Zhao 
et al., 2014; Sengupta et al., 2020). The massive gap reported in the 
literature between SOA predicted from the consumed VOC concentra
tions, and measured SOA (Robinson et al., 2007; Liu et al., 2015b; Deng 
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et al., 2017; Fang et al., 2017), can be accounted for by the inclusion of 
semivolatile organic compounds (SVOCs) and intermediate-volatility 
organic compounds (IVOCs) reemitted from BB-POA (Hayes et al., 
2015; Konovalov et al., 2015). Globally, the amount of SOA formed from 
BB-S/IVOCs exceeds BB-POA (Tsimpidi et al., 2016), highlighting the 
importance of this SOA formation pathway. Limited by the diffusion and 
uptake of oxidants into aerosols, reactions in the particle-phase are often 
slower than in the gaseous phase. In specific cases, by being transported 
to the stratosphere, the influence of BB-POA can reach thousands of 
kilometers in distance and last months in time (Hirsch and Koren, 2021). 
Hence, POA serves as a reservoir for BB-S/IVOCs that expand their at
mospheric lifetime and distribution. BB-S/IVOCs contain a myriad of 
chemical species, including alcohols, phenols, and polycyclic aromatic 
hydrocarbons (PAHs) (Kim Oanh et al., 2015; Hatch et al., 2017, 2018; 
Sengupta et al., 2020). Their gas-particle partitioning is influenced by 
factors such as species-dependent saturation vapor pressure, tempera
ture, and organic aerosol (OA) concentration (Sengupta et al., 2020), 
making their emission profiles highly specific to burning and sampling 
conditions, and thus difficult to establish. Furthermore, studies on SOA 
formed from atmospheric oxidation reactions of BB-S/IVOCs are scarce. 

The burning conditions have a substantial influence on the chemical 
composition of BB-POA. In flaming-phase combustion, the trans
formation of biomass into products follows the following stages (Tillman 
et al., 1981): (1) the biomass fuel is preheated; (2) solid-phase pyrolysis 
occurs within the fuel, during which volatiles and tar droplets are 
ejected into the gas phase, and the biomass is transformed into char; (3) 
gas-phase combustion of volatiles and tar droplets; (4) char combustion. 
The flame is a high-temperature zone, where semivolatile compounds in 
tar droplets rapidly evaporate into the gas phase. In contrast, stage three 
is absent in smoldering-phase BB, and tar droplets are directly emitted as 
aerosols. As a result, smoldering-phase aerosols have larger potentials to 
re-emit S/IVOCs than those from flaming-phase aerosols (Huffman et al., 
2009). Tar balls from smoldering-phase BB have a typically narrow size 
distribution peaking at 70–200 nm (Chakrabarty et al., 2010, 2016; 
Popovicheva et al., 2019), suggesting they can be transported over 
regional and continental distances. They are also small enough to effi
ciently penetrate into the human respiratory system. Previous studies 
have shown that the adverse health effects after exposure to BBOA 
include inflammatory response, oxidative stress, DNA damage and cell 
apoptosis (Park et al., 2018; Pardo et al., 2020, 2021). Specifically, 
Pardo et al. (2020) found that tar droplets emitted from BB can induce 
oxidative stress responses of mice and the death of human bronchial 
epithelial cells. When BB takes place indoor for heating or cooking, 
smokes can touch relatively cold surfaces like the end of exhaust stacks 
or walls, and considerable BB-POA will stay on those surface and form a 
layer of tar materials. Those tar materials can slowly re-emit organic 
gases (OGs) to the indoor environment and then induce the SOA for
mation. The evolution of bulk BBOA’s oxidative stress has been inves
tigated in ambient atmosphere or in OH-initiated reactions (Wong et al., 
2019; Li et al., 2021b), while relevant toxicity analyses exclusively on 
those newly formed SOA hasn’t been conducted. 

BB is also an important source of absorbing OA, which is termed 
“brown carbon (BrC)” (Laskin et al., 2015). Using aircraft campaigns 
and laboratory simulations, a number of studies investigated the evo
lution of BBOA in the bulk plume, and all found that tens of hours’ 
persistent photochemical aging lowered the absorption of BBOA in the 
ultraviolet (UV) and visible wavelengths (Bluvshtein et al., 2017; Sumlin 
et al., 2017; Kumar et al., 2018; Hems et al., 2021). Other experiments 
investigated the influence of specific factors, such as UV irradiation (Lee 
et al., 2014; Wong et al., 2017), hydroxyl radical (OH)/nitrate radical 
(NO3) initiated heterogeneous oxidation (Li et al., 2019b, 2020b), and 
evaporation of OA (Hettiyadura et al., 2021; Shetty et al., 2021), on the 
optical properties of BB-POA. It was concluded that, the evolution of 
BBOA light absorption depends on both reaction conditions and aging 
degree. By engulfing around black carbon (BC), the SOA formed from 
BB-S/IVOCs can influence visibility and radiative forcing. However, 

relevant studies have not been conducted yet. 
Compared to flaming-phase BB, smoldering-phase BB emits larger 

amounts of POA (Chakrabarty et al., 2010; Sumlin et al., 2018) and has a 
higher OA enhancement ratio during the aging process (Vakkari et al., 
2018), suggesting its important role in accumulating OA mass loading in 
the air. Pyrolysis is a vital step in smoldering-phase combustion. In this 
study, wood tar materials collected from wood pellet pyrolysis were 
used as proxies for smoldering-phase BB-POA (Tóth et al., 2014; Li et al., 
2019b, 2020a, 2020b). Secondarily evaporated BB organic gases (SBB- 
OGs) from BB-POA, which contain a group of often overlooked BB-S/ 
IVOCs, were introduced into an oxidation flow reactor (OFR) to simu
late their OH-initiated chemical aging and SOA formation. A suite of 
advanced online and offline techniques was used for characterizing the 
chemical composition, toxicity and optical properties of the resulting 
SOA, following OH-oxidation equivalent to 0.7, 5.5, and 10.6 days of 
atmospheric exposure in the ambient conditions. 

2. Materials and methods 

2.1. Generation of SBB-OGs 

Wood tar was produced from wood pellet pyrolysis following a 
procedure described in previous laboratory studies (Tóth et al., 2014; Li 
et al., 2019b, 2020a, 2020b). Briefly, ~150 g of commercial wood pel
lets (Hallingdal Trepellets) were heated in a flask at 535 ◦C in a nitrogen 
atmosphere, the emitted plume then passed through a water-cooled 
condenser at 23 ◦C, and the condensed wood tar material was 
collected. Under normal atmospheric conditions, the partitioning of 
organics between the particulate phase and the gas phase is affected by 
the POA concentration (Robinson et al., 2007), and only SVOCs and 
specific IVOCs can partition into particles. In this study, the wood tar 
material condensed on the condenser wall may slightly affect the dis
tribution compared to the atmosphere by promoting condensation of S/ 
IVOCs, and some VOCs. The evaporation of wood tar materials was 
conducted at a room temperature of 22.5 ± 0.2 ◦C. The wood tar 
emulsion was placed in a bubbler operated by N2 for up to 5 hrs to keep a 
stable profile of the SBB-OGs. 

2.2. OH-initiated reactions in an oxidation flow reactor (OFR) 

OH-initiated oxidation of SBB-OGs was conducted in a Potential 
Aerosol Mass (PAM) OFR (Aerodyne Research Inc., USA) where SOA was 
generated through homogeneous nucleation and condensation. The 
PAM reactor works in OFR254-51 mode with principles and operational 
procedures described elsewhere (Peng et al., 2015; He et al., 2018, 2021; 
Li et al., 2019b, 2021a). The flow rates of oxygen, dry N2, and humid
ified N2 were set to 0.2, 2.5, and 1.8 L min−1, respectively, resulting in a 
mean residence time of 151 s and an relative humidity (RH) of 35.7%. 
The initial concentration of externally supplied O3 was 51.0 ± 0.2 ppmv. 
OH exposure (OHexp) was controlled by changing the light intensity of 
the mercury lamps inside the OFR, and was traced by the decay of SO2 
(Model 43i, Thermo Scientific, USA). OHexp were 9.2 × 1010, 7.1 × 1011, 
and 1.4 × 1012 molecule cm−3 s in the three experiments. By assuming 
an ambient daily average OH concentration of 1.5 × 106 molecule cm−3 

(Hayes et al., 2013), three experiments simulated equivalent ambient 
photochemical ages of 0.7, 5.5, and 10.6 days, respectively, which were 
within the lifetime of specific BB smokes in the atmosphere (e.g. Hirsch 
and Koren, 2021). For simplicity, the resulting SOA are termed 0.7-days 
SOA, 5.5-days SOA and 10.6-days SOA hereafter. 

As shown in Fig. S1, the output flow from the OFR passed through 
two ozone scrubbers, one activated carbon tube, and two diffusion 
dryers filled with silica gel to remove ozone, VOCs and moisture, 
respectively. 

The online chemical composition of the SOA was probed with a high- 
resolution time-of-flight aerosol mass spectrometer (HR-TOF-AMS; 
Aerodyne Research Inc., USA) in V mode with a temporal resolution of 1 
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min. The toolkit Pika 1.16I was used for deriving the SOA composition. 
SOA samples with mass loadings of 110, 80, and 390 μg were 

collected on Teflon filters (47 mm in diameter, 0.2 μm porosity, 
Omnipore) in experiments with equivalent photochemical ages of 0.7- 
days, 5.5-days, and 10.6-days, respectively. Collected samples were 
stored at −20 ◦C before they were analyzed by thermal desorption - two- 
dimensional gas chromatography time-of-flight mass spectrometry (TD- 
GC × GC-TOF MS). 

TD-GC × GC-TOF MS, as a powerful technique to unveil the chemical 
composition and identification of semivolatile species on ambient and 
combustion aerosols (Schnelle-Kreis et al., 2005; Vogt et al., 2007; 
Weggler et al., 2014), was performed on a Pegasus® BT 4D GC × GC 
time-of-flight mass spectrometer (LECO, St. Joseph, MI, USA) equipped 
with an OPTIC-4 GC inlet system (GL Sciences, Eindhoven Netherlands). 
Helium was applied as the carrier gas. The GC column set consisted of a 
SGE™ BPX5 capillary column (5% phenyl polysilphenylene-siloxane, 
60 m length, 0.25 mm i.d., 0.25 µm df, SGE, Australia) in the first 
dimension and a SGE™ BPX50 capillary column (50% phenyl 
polysilphenylene-siloxane, 1.5 m, 0.1 mm i.d., 0.1 µm df, SGE, Australia) 
in the second dimension. The temperature for thermal desorption in the 
OPTIC-4 inlet system was gradually ramped at 2 ◦C s−1 from 40 to 250 ◦C 
to introduce the analytes into the GC column. The inlet purge time was 
100 sec at a column flow of 1 mL min−1 and a split flow of 100 mL 
min−1. The desorbed compounds were focused via a cryogenic trapping 
system Cryofocus-4 (GL Sciences, Eindhoven Netherlands) at −100 ◦C 
using liquid nitrogen as the coolant media. After holding the initial 
temperature of 40 ◦C for 10 min, the primary oven was ramped at 2 ◦C 
min−1 from 40 ◦C to 350 ◦C. The secondary oven was offset by + 20 ◦C 
from the primary oven. The MS transfer line temperature was set to 
300 ◦C. Mass acquisition was from 20 to 700 Daltons at 100 Hz. The 
electron impact energy was 70 eV and the ion source temperature was 
250 ◦C. Punches of each filter were analyzed in triplicates. At the 
beginning of the sequence and after three subsequent desorptions, blank 
filters were analyzed. Blank filters and sample filters were spiked with 
internal standard for quality assurance. Data acquisition was carried out 
using the vendor-specific ChromaTOF software (LECO, St. Joseph, MI, 
USA). Details about data processing could be found in Text S1. 

2.3. Optical properties of SOA 

SOA with at least 6 discrete mobility diameters between 170 and 
300 nm were size-selected by an aerodynamic aerosol classifier (AAC, 
Cambustion Ltd.). The monodisperse SOA were introduced into a 
broadband cavity enhanced spectrometer (BBCES) in parallel with a 
cavity ring-down spectrometer (CRDS) at 404 nm and a condensation 
particle counter (CPC). Detailed descriptions of the BBCES and CRDS 
systems can be found elsewhere (He et al., 2020). In this study, the 
BBCES system consisted of two channels that measured light extinction 
coefficients (αext) in the wavelength ranges of 313–340 nm and 360–600 
nm. The light extinction coefficients at 404 nm were also measured by 
the CRDS to cross-validate the results obtained by the BBCES retrievals. 
Using the αext and the aerosol number concentration (N) measured by 
CPC, the size- and wavelength-dependent aerosol extinction cross sec
tion (σext) can be calculated: 

σext(λ, Dp) =
αext(λ, Dp)

N
(1)  

where λ is the wavelength of the incident light and Dp is the particle 
diameter. Fig. S2 shows that SOA had a spherical and non-porous 
morphology. In addition, size-dependent analyses from the AMS 
showed that the SOA maintained a homogeneous chemical composition 
across different particle sizes (Fig. S3). Therefore, the use of Lorenz-Mie 
theory to determine their optical properties is justified. Using the 
measured σext of SOA for at least six mobility diameters between 170 and 
300 nm, the best refractive index (RI = n + ki) that minimizes the size- 

weighted difference between measurements and calculations can be 
retrieved for both BBCES and CRDS (Washenfelder et al., 2013). 

The light absorption properties of SOA samples were also charac
terized with UV–Vis spectroscopy (model USB 650, Ocean Optics). 
Previous studies have shown that airborne BrC has a wide range of po
larities, and extraction of BrC in solutions with different polarities 
resulted in different light absorption values (Lin et al., 2017; Huang 
et al., 2020). In this study, methanol (purity ≥ 99.9, Sigma-Aldrich) and 
deionized water (18.2 MΩ) were separately used to extract the SOA from 
the filters. With each solvent, the soluble SOA was extracted from 1/4 of 
the filter by vortex shaking (Vortex Genie-2, Scientific Industries) for 20 
min. After the solution was removed, the filter was re-extracted using 
the same procedure to ensure completeness of extraction. Then, 
collected solutions from extracts were mixed together and filtered 
through a syringe filter (GHP Acrodisc, 0.45 μm porosity, Pall Life Sci
ence) before three repeated UV–Vis absorption measurements at a 
wavelength range of 300–450 nm. 

Assuming that chromophores can be fully extracted by methanol (the 
reasonability of the assumption is discussed in Text S2), the wavelength- 
dependent mass absorption coefficient (MAC(λ)) of SOA was first 
calculated and then converted to the imaginary part of the RI (k) using 
the following relationships (Laskin et al., 2015): 

MAC(λ) =
Abs(λ)⋅In(10)

C⋅1
(2)  

k(λ) =
λ⋅ρ⋅MAC(λ)

4π (3)  

where Abs (λ) is the base-10 absorption obtained by the UV–Vis spec
trometer, C is the mass concentration of the SOA in the solution, and l is 
the optical length. 

The spectral dependence of light absorption can be fitted by the 
power-law relationship: 

MAC(λ) = K⋅λ−AAE (4)  

where K is a constant and AAE is the absorption Ångstöm exponent. 

2.4. Effect of SOA on cell viability and its oxidative potential (OP) 

The experiment in which SBB-OGs were oxidized with an OHexp 
equivalent to 10.6-days photochemical aging in the ambient condition 
was triplicated, in order to collect enough SOA on filters for the toxicity 
analyses. 

First, the cytotoxicity of SOA was tested by measuring the viability of 
lung epithelial cells to SOA extracts. One entire filter, which was loaded 
with 150 μg of SOA, was extracted with 6 mL of deionized water. Since 
the dissolved amount of SOA in water is unknown, an effective con
centration of SOA of 25 mg L−1 was assigned as an upper limit. Two 
types of human lung epithelial cells (A549 and Calu-3) were exposed to 
the water extracts of SOA in vitro. The cell viability after incubation for 
24 hrs was taken as an indicator of SOA cytotoxicity. The cell viability 
was measured by the DNA-intercalating dye propidium iodide using 
flow cytometry. More detailed descriptions of the method can be found 
in Text S3. 

Second, the OP of SOA was measured by the dithiothreitol (DTT) 
assay (Cho et al., 2005). Methanol was used to extract SOA with the 
undissolved particles not filtered, in order to measure the total OP of 
SOA (Zhu et al., 2020). The consumption rate of DTT for the SOA sample 
at pH = 7.4 and T = 37 ◦C was measured by UV–Vis spectroscopy, with 
detailed procedures summarized in Text S4. The blank experiments were 
done based on a clean filter with the same procedures. The OP mea
surements of both the SOA sample and the blank sample were 
duplicated. 
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3. Results and discussion 

3.1. Chemical composition of SOA generated from SBB-OGs 

3.1.1. AMS results 
A representative 0.7-days SOA spectrum obtained from AMS and its 

evolution upon SOA aging are presented in Fig. 2a and Fig S4. Ions were 
grouped into CxHy, CxHyO, CxHyO>1 and CxHyOzN families (x, y, z ≥ 1), 
according to their oxygen and nitrogen contents. For the 0.7-days SOA, 
the CxHyO and CxHyO>1 families together constituted 66.2% of the total 
signal, indicating that the majority of compounds were oxygenated. The 
nitrogen-containing family CxHyOzN accounted for only 3.1% of the 
total signal. The most prominent ion CO2

+ consisted of fragments of 
acids, esters, and acyl peroxides (Ng et al., 2010, 2011); the abundant 
ions CHO+, CH2O+, C2H3O+, and C2H2O+ likely originated from non- 
acidic oxygenates like aldehydes and ketones (Ng et al., 2011); each of 
the hydrocarbon-like ions CH3

+, C2H2
+, C2H3

+, and C3H3
+ had a relative 

abundance of>3%, with different degrees of unsaturation resulting from 
the complexity of their parent compounds. The oxidation state of carbon 
(OSc = 2 × O/C-H/C) and the relative abundance of m/z 44 (f44) reached 
values of 0.12 ± 0.01 and 0.18 (Table 1), respectively, which place the 
SOA between semivolatile oxygenated OA (SV-OOA) and low-volatility 
oxygenated OA (LV-OOA) in ambient air (Ng et al., 2010; Kroll et al., 
2011). 

By comparing normalized spectra (Fig. 2b), a significant increase in 
carboxylic acids (m/z = 44) and a decline in hydrocarbon-like ions CxHy 
can be seen from the 0.7-days to 5.5-days SOA. Upon aging, the OSc 
increased to 0.49 and f44 reached 0.22 in the 5.5-days SOA, typical of LV- 
OOA or highly aged BBOA in the ambient atmosphere (Cubison et al., 
2011; Liang et al., 2021). From the 5.5-days to 10.6-days SOA, the 
fraction of CxHyO fragments decreased from 40.2% to 37.7%, while the 
proportion of the CxHyO>1 family increased from 32.2% to 36.0% 
(Fig. 2c), indicating that the further oxidation added more oxygen to the 
first-generation products (Lambe et al., 2012). The increases in both OSc 
and f44 were slower in this aging stage compared to the earlier one, 
consistent with a study on the urban air (Liu et al., 2018). The OSc (0.65 
± 0.02) and f44 (0.250) of the 10.6-days SOA were still in the range of 
LV-OOA or highly aged BBOA observed in the ambient atmosphere. 

3.1.2. TD-GC × GC MS results 
A total of ~2300 peaks with signal-to-noise ratios >2500 were 

observed in the TD-GC × GC-TOF-MS spectra. The desorption temper
ature was limited to 250 ◦C to avoid excessive pyrolysis of temperature- 
sensitive compounds. For the given desorption and chromatographic 
conditions, we observed compounds with vapor pressure ranging be
tween octane and triacontane, which correspond mainly to semivolatile 
species. For SOA derived from three photochemical ages, the 100 most 
abundant species were analyzed in detail. Based on similarities of their 
mass spectra to the NIST library spectra, their retention time, and the 
reasonability of the proposed structure, 59 compounds were assigned 
with molecular structures. These species generate 58% of the total 
detected signal on average, and their full list is included in Fig. S5. Most 
of them showed elution time that ranged between n-octane and n-pen
tadecane in the first GC dimension. 

As shown in Fig. 1, identified semivolatile compounds were classified 

into six categories according to their functionality and structure. SOA 
with a photochemical age of at least 5.5 days still contained specific 
hydrocarbons, such as toluene or styrene, which cannot be formed 
during photochemical oxidation and were expected to be completely 
degraded due to their OH reactivity. Grabowsky et al. (2011) and Diab 
et al. (2015) observed thermal breakdown in BB-impacted ambient 
particle samples when the desorption temperature was set at 250–450 ◦C 
and 280 ◦C, respectively. Therefore, those hydrocarbons may be pro
duced from decomposition of larger components during thermal 
desorption. 

Consistent with the high OSc measured by AMS, 85% of identified 
species were oxygenated. Carbonyl compounds dominated the detected 
aromatics and aliphatics in SOA. Organic acids are also important 
oxidation products in BB-SOA (Yazdani et al., 2020), while their pro
portions may be underestimated in this study, since some of them have 
lower decomposition temperatures than their boiling temperatures 
(Fortenberry et al., 2018). 

The identified ring-retaining aromatics contributed 23% of the total 
signal in SOA samples. Specific identified aromatics in SOA have been 
described in the literature as oxidation products of PAHs. For example, 
1,4-dihydronaphthalene and derivatives of the phthalic acid can be the 
ring-retaining and ring-opening products of naphthalene, respectively 
(Kautzman et al., 2010). However, ring-retaining products of PAHs with 
3 or more rings were found in trace amounts. PAHs with more rings 
usually have lower volatility, thus one possible reason is that their 
oxidation products cannot be efficiently analyzed at the thermal 
desorption temperature of less than 250 ◦C. 

ANOVA analysis and hierarchical clustering were used to discrimi
nate semivolatile compounds detected in SOA with different photo
chemical ages (Fig. S6 and S7). The applied statistical methods allowed 
us to discriminate the aging conditions based on the found peaks. 
However, limited by the thermal decomposition of certain compounds, 
the volatility range of gas chromatography, and the number of com
pounds that can be unambiguously identified, the results may be biased. 

3.2. Toxicity analyses of SOA 

Previous studies have shown that BBOA that were aged in an ambient 
condition (Wong et al., 2019) and with OH-oxidation (Li et al., 2021b) 

Table 1 
Elemental ratios, f43 and f44 of SOA obtained from AMS.   

H/C O/C OM/OC OSc f43 f44 

0.7-days 
SOA 

1.33 ±
0.01 

0.73 ±
0.01 

2.09 ±
0.01 

0.12 ±
0.01  

0.09  0.18 

5.5-days 
SOA 

1.25 ±
0.01 

0.87 ±
0.01 

2.28 ±
0.01 

0.49 ±
0.02  

0.09  0.22 

10.6-days 
SOA 

1.21 ±
0.01 

0.93 ±
0.01 

2.35 ±
0.02 

0.65 ±
0.02  

0.09  0.25  

Fig. 1. The relative abundances of different classes of identified semivolatile 
species in SOA. Oxygenated aliphatics and aromatics are further classified into 
three subtypes according to their functionalities. The white sector in the inset 
comprises the remaining species which were either less abundant or difficult to 
be identified. Error bars correspond to the uncertainty of summed values in 
each category. 
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both increased in OP. In this study, the toxicity of the most aged SOA 
were examined. 

3.2.1. Lung epithelial cell viability after exposure to water extracts of SOA 
As shown in Fig. S8, for both types of human lung epithelial cells 

(A549 and Calu-3), no significant differences were observed between the 
cells treated with different concentrations (0.25 mg L−1 and 25 mg L−1) 
of SOA extracts and the blanks. The equivalent environmental exposures 
of 0.25 mg L−1 × 24 h and 25 mg L−1 × 24 h used in our method are 
estimated to be 2 × 102 μg m−3 SOA × 24 h and 2 × 104 μg m−3 SOA ×
24 h in the inhaled air (Text S3). Considering that BB events can induce 
SOA concentration of tens or hundreds of μg m−3 in the ambient air, the 
dose of 2 × 102 μg m−3 SOA × 24 h can serve as an upper limit for human 
exposure while the dose of 2 × 104 μg m−3 SOA × 24 h is two orders of 
magnitudes larger than that. Therefore, the SOA generated from OH- 
oxidation of SBB-OGs has no significant cytotoxicity at an environ
mentally relevant dose. Pardo et al. (2020, 2021) found that 24 h after 
exposure to 20 mg L−1 of water-soluble wood tar extracts, approxi
mately 45% BEAS-2B and 62% A549 cells, stained positive for PI, and 
were considered dead. Compared to the water-soluble wood tar, SOA 
generated from SBB-OGs exhibit less toxicity to lung cells. 

3.2.2. OP of SOA 
Duplicate measurements on the consumption rate of DTT for the 

10.6-days SOA sample exhibited consistent results (Fig. S9), with an 
average background-corrected value of 15.5 ± 0.5 pmol min−1 μg−1. 
Such a DTT activity is within the range of those of ambient BB aerosols 
collected from the Brazilian Amazon (4–148 pmol min−1 μg−1, Tuet 
et al., 2019) and from Greece (5–24 pmol min−1 μg−1, Wong et al., 
2019). In the absence of NOx, the DTT activities of SOA generated from 
aliphatic VOC precursors ranged from 9 to 29 pmol min−1 μg−1, while 
those generated from m-xylene and naphthalene were 45 and 149 pmol 
min−1 μg−1, respectively (Tuet et al., 2017). As discussed in Section 3.1, 
SOA generated from oxidation of SBB-OGs are largely constituted by 
aliphatic compounds and less by aromatic compounds. Therefore, the 
result in this study is generally consistent with those reported by Tuet 
et al. (2017). 

3.3. Optical properties of SOA 

3.3.1. Real part of the RI 
For the SOA formed under three different OHexp, the real parts of the 

complex RI (n) were retrieved for a wavelength range of 313–600 nm by 
the BBCES and at 404 nm by the CRD (Fig. 3a). The BBCES and CRD 
results agreed with each other within their uncertainties, demonstrating 
a high confidence level of the retrieved data. The n of three types of SOA 
generally had a decreasing trend towards longer wavelengths. The 
relationship between them can be described by a two-term Sellmeier 

Fig. 2. (a) The AMS spectrum of SOA produced under 0.7-days equivalent 
OHexp with the total signal normalized to 1.0. (b) The differential normalized 
AMS spectrum of SOA produced under 5.5-days and 0.7-days equivalent OHexp, 
with positive values indicating an enrichment under further OH oxidation. (c) 
The differential normalized AMS spectrum of SOA produced under 10.6-days 
and 5.5-days equivalent OHexp. The insets in (a), (b) and (c) represent the 
proportion of each chemical family in 0.7-days, 5.5-days and 10.6-days SOA, 
respectively. The normalized AMS spectra of 5.5-days and 10.6-days SOA are 
depicted in Fig. S4. 

Fig. 3. (a) The real parts of the RI for the 0.7-days, 5.5-days and 10.6-days aged 
SOA obtained from the BBCES and the CRD-404 nm. For the BBCES retrieval 
results, the corresponding Sellmeier-equation fitting results are marked by the 
solid lines. (b) The imaginary parts of the RI for the 0.7-days, 5.5-days, and 
10.6-days aged SOA derived by methanol extraction. The uncertainty is denoted 
by the shaded area. 
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equation (Ghosh, 1997): 

n2 = A +
B1⋅λ2

λ2 − C1
+

B2⋅λ2

λ2 − C2
(5)  

where A, B1, C1, B2 and C2 are Sellmeier coefficients determined from 
experimental results. As shown in Table 2, all types of OA in this study 
could be well fitted (R2 ≥ 0.990) using the Sellmeier equation. While 
other equations can also be used to describe the relationship between n 
and wavelength for aerosols (e.g., Liu et al., 2013; Bluvshtein et al., 
2017), one of the advantages of the two-term Sellmeier equation is that 
the n values outside the measured wavelength range can be well 
extrapolated for specific materials (Ghosh, 1997). The chromatic 
dispersion of the n value from 313 nm and 600 nm, denoted as Δn313,600, 
was also calculated to indicate the wavelength dependence of n (Liu 
et al., 2013). Across the studied wavelength range, the n values of the 
0.7-days SOA were in the range of 1.519–1.596 with a Δn313,600 of 
0.076. Previous studies have demonstrated that the relationship of SOA 
oxidation level and n could vary with VOC precursors, reaction condi
tions and oxidation levels (Flores et al., 2014; Nakayama et al., 2015; He 
et al., 2018). In this study, continuous declines of the n values for the 
5.5-days and 10.6-days SOA were observed (Fig. 3a), with Δn313,600 first 
increasing to 0.081 and subsequently decreasing to 0.061. 

As shown in Fig. S10a, a comparison was made between n values of 
SOA obtained in this study and several types of OA in the literature. The 
n values of SOA in this study are significantly lower than those of the 
primarily-emitted BBOA from both smoldering duff (Chakrabarty et al., 
2010) and wood pyrolysis (Li et al., 2020b). Thus, a decrease in the n 
value is expected for BB-POA following condensation of such SOA. Peat 
smoldering POA has comparable n values to those measured in this 
study, while exhibiting a higher wavelength dependence (Sumlin et al., 
2017). For SOA generated from a single or a mixture of BB-VOC pre
cursors, their n values ranged between 1.45 and 1.60 across 313–600 
nm, covering the n value range of SOA in this study. 

3.3.2. Imaginary part of the RI 
Due to low absorption abilities of SOA, the imaginary parts of the RI 

could not be accurately retrieved from both the BBCES and the CRDS in 
this study. Alternatively, we applied a solution absorbance method to 
determine the SOA light absorbing characteristics. As demonstrated in 
Fig. 3b, the 0.7-days SOA had k values of 0.017 at 300 nm and 0.002 at 
450 nm; and the AAE fitted across 300–450 nm was 6.51 ± 0.03. Ac
cording to the classification by Hettiyadura et al. (2021), the 0.7-day 
SOA be categorized as “weakly absorbing BrC”. Compared with 0.7- 
days SOA, the 5.5-days SOA had comparable values of k in the short 
wavelength range (e.g. k = 0.016 at 300 nm), but higher k values from 
~ 350 nm to 450 nm (e.g. k = 0.005 at 450 nm), with the AAE 
decreasing from 6.51 ± 0.03 to 4.56 ± 0.04. Upon further aging to 10.6- 
days SOA, the k increased significantly in the UV range (e.g. k = 0.024 at 
300 nm), while the difference gradually decreased at longer wave
lengths, leading to an increase in the AAE to 5.14 ± 0.04. According to 
the classification by Hettiyadura et al. (2021), SOA generated at all 
photochemical ages can be categorized as “weakly absorbing BrC”. The 
increase of light absorption goes against the general trend that long-time 
aging typically photobleach BrC (Hems et al., 2021). When investigating 
the evolution of BrC absorption during aging, many previous studies 
include POA in their reaction system (e.g. Sumlin et al., 2017; Kumar 
et al., 2018; c), while POA were excluded in this study. In the absence of 

seed aerosols or POA, Lambe et al. (2013) investigated the relationship 
between oxidation level and light absorption of SOA generated from four 
separate VOC species, and k values at 405 nm of all types of SOA 
increased from the lowest to the highest oxidation level, which is 
consistent of the results in this study. 

In addition to methanol, water was also used for BrC extraction with 
identical procedures. The water-extracted BrC had systematically lower 
absorbance (p < 0.01) than the methanol-extracted BrC for SOA at all 
ages (Fig. S11), consistent with previous observations of BB-impacted 
aerosols (Huang et al., 2018; Cao et al., 2021). It is also noted that the 
difference between the water-soluble BrC and methanol-soluble BrC 
increased over the aging process, suggesting formation of water- 
insoluble BrC. 

It is evident from Fig. S10b that SOA at all ages in this study have 
smaller k values than peat smoldering POA (Chakrabarty et al., 2016; 
Sumlin et al., 2017) and primary wood tar aerosols (Li et al., 2019b). 
Compared to SOA originating from OH oxidation of a single or a mixture 
of BB-VOC species, the SOA generated from SBB-OGs in this study are 
less absorbing than naphthalene-SOA (Xie et al., 2017), but are more 
absorbing than 1-methylnaphthalene-SOA, 1,2,4-thimethylbenzene- 
SOA, and m-xylene-SOA in the wavelength range between 300 and 450 
nm (Liu et al., 2015a; Xie et al., 2017; Dingle et al., 2019). Other types of 
SOA in the literature have k values comparable to our SOA at specific 
wavelengths in the 300–450 nm range. Since the presence of NOx during 
aging have been shown to increase light absorption of SOA (Liu et al., 
2016), all reference values are all obtained in the absence of NOx. 

3.4. Direct radiative forcing of SOA 

3.4.1. Pure SOA: Influence of SOA aging degree and surface albedo 
Using the Mie code developed by Bohren and Huffman (1983) and 

the derived RI, the MAC and mass scattering cross sections (MSC) of pure 
SOA with an atmospherically relevant size range of 50–400 nm (Betha 
et al., 2014; Sakamoto et al., 2015; Fang et al., 2017) across a wave
length range of 313–450 nm were obtained (Fig. S12). The single scat
tering albedo (SSA) can be calculated as: 

SSA(λ) =
MSC(λ)

MSC(λ) + MAC(λ)
(6) 

The resulting SSA for SOA at three oxidation levels are depicted in 
Fig. 4. Upon aging, aerosols generally become less scattering and more 
absorbing, thus their SSA decrease, shifting the position of the contours 
towards larger diameters or longer wavelengths. As shown in Table S1, 
SSA values of SOA in this study are lower than duff smoldering POA, but 
comparable to or larger than all other types of fresh or aged BBOA. 

The simple forcing efficiency (SFE, in W g−1 nm−1) is used to eval
uate the energy added to the Earth’s atmosphere by a unit mass of 
aerosol (Bond and Bergstrom, 2006). Details of the method to evaluate 
SFE are summarized in Text S5. The SSA is determined by MAC and 
MSC, while the parameters that determine whether SFE is positive or 
negative additionally include the backscatter fraction and surface al
bedo. Fig. 5a-c presents SFE values for the case of an Earth-average 
surface albedo of 0.19 (Bond and Bergstrom, 2006). Consistent with 
the trend that more aged SOA has lower SSA, the area where aerosols 
exhibit a warming effect expands as SOA is more oxidized. However, 
even for the 10.6-days SOA, a net cooling effect is expected for the 
majority of atmospherically relevant aerosols under the irradiation be
tween 313 and 450 nm. Because solar irradiance has a continuous 

Table 2 
The Sellmeier coefficients describing the wavelength dependence of n, and the differences in n between 313 and 600 nm.  

Equivalent photochemical age for SOA(day) A B1 C1 B2 C2 R2 of fitting Δn313,600  

0.7  0.71  0.046 6.3 × 104  0.76 84  0.998  0.076  
5.5  0.71  0.041 6.8 × 104  0.75 −875  0.995  0.081  
10.6  0.70  0.053 5.3 × 104  0.74 −33  0.990  0.061  
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spectrum, the integrated SFE across 313–450 nm was calculated, and the 
effects of aerosol diameter and surface albedo are shown in Fig. 5d-f. 
Across aerosol diameters of 50–400 nm, the average threshold albedos 
that reach SFE = 0 for the 0.7-days, 5.5-days and 10.6-days SOA are 
0.60, 0.55, and 0.49, respectively. Most of non-snow/ice surface types 
have surface albedos smaller than 0.49 (Jin et al., 2004; Wendisch et al., 
2004), so only when suspended above snow or ice-related surfaces 
(Brandt et al., 2005), a warming effect induced by SOA can be expected. 
With Eq. (3) and (4), the imaginary part of RI of SOA from 450 nm to 
600 nm could be extrapolated, thus the SFE values of SOA at this 
wavelength range were evaluated. As shown in Fig. S13, a net cooling 
effect of airborne SOA is still expected beyond non-snow/ice surfaces. 

3.4.2. Internal mixing of SOA and black carbon 
BC, which is a strong absorbing material in primary emissions, has a 

relatively longer lifetime than POA and thus can be an efficient sinker 
for SOA. The Mie theory code was used to calculate the optical prop
erties of the internal mixture of SOA and BC, with input parameters 
summarized in Text S6. SOA coating altered optical properties of BC by 

enhancing both absorption and scattering. Via sensitivity test assuming 
a OA/BC mass ratio (RBC) ranging from 0 to 20, the enhancement ratios 
of BC absorption (Eabs, defined by Equation S3) and scattering (Esca, 
defined by Equation S4) after being coated by SOA ranged between 
1.0–4.1 and 1.0–23.9, respectively (Fig. 6). When RBC > 1, which rep
resents most cases for ambient BBOA (Liu et al., 2017), Esca is always 
larger than Eabs, suggesting that the coated BC has higher SSA than the 
pure BC. The effects of the BC core diameter and RBC on the integrated 
SFE are summarized in Fig. 7, for the case in which the albedo was set to 
0.19. Under these conditions, RBC of 2–20 could switch the bulk aerosol 
from having an originally warming effect to a cooling effect. For aerosols 
with BC core diameters of 50–400 nm, the average thresholds of RBC to 
reach SFE = 0 are 5.3, 5.7, and 6.5 for the 0.7-days, 5.5-days, and 10.6- 
days SOA, respectively. 

In ambient conditions, two additional factors need to be considered 
for the prediction of Eabs: (1) when RBC is small, BC is not sufficiently 
encapsulated by the non-BC material (Liu et al., 2017); (2) RBC exhibits 
aerosol-to-aerosol variability (Fierce et al., 2016, 2020; Matsui et al., 
2018). After taking these two factors into consideration (see Text S7 for 

Fig. 4. SSA versus aerosol diameter and wavelength for (a) 0.7-days SOA, (b) 5.5-days SOA, and (c) 10.6-days SOA.  

Fig. 5. SFE versus aerosol diameter and wavelength for (a) 0.7-days SOA, (b) 5.5-days SOA, and (c) 10.6-days SOA with a surface albedo = 0.19; the integrated SFE 
across 313–450 nm against surface albedo and aerosol diameter for (e) 0.7-days SOA, (f) 5.5-days SOA, and (g) 10.6-days SOA. 
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details), an RBC of 8.94 in a typical ambient BB plume will lead to in
tegrated Eabs values of 1.93, 1.95 and 2.03 for the 0.7-days, 5.5-days and 
10.6-days SOA, respectively. These values are within the Eabs range of ~ 
1.00–2.27 established in various ambient/lab measurements (Cappa 
et al., 2019). Specifically, for ambient BB aerosols with RBC of 11, 
McMeeking et al. (2014) reported an Eabs of 1.84 ± 0.31, which is 
comparable to our results. 

4. Conclusions 

In this study, evaporation of wood smoldering POA proxies at room 
temperature and the subsequent OH oxidation of SBB-OGs were simu
lated in the laboratory. The chemical composition and toxicity of the 
generated SOA under equivalent OHexp of 0.7 day, 5.5 days, and 10.6 
days were characterized. The broadband complex refractive indices of 
SOA were measured online by BBCES and offline by solution absorbance 
method. The direct radiative forcing of SOA across the wavelength range 
of 313–450 nm was evaluated based on the Mie theory calculations. 

Semivolatile compounds in SOA were dominated by carbonyl com
pounds, in both the aliphatics and the aromatics. At doses comparable or 
higher than common environmental exposures, the 10.6-days SOA 
showed no significant cytotoxicity to human lung epithelial cells (A549 
and Calu-3). Based on the acellular DTT assay, the 10.6-days SOA has an 
oxidative potential of 15.5 ± 0.5 pmol min−1 μg−1, comparable to those 
of ambient BBOA or SOA generated from OH oxidation of specific 
aliphatic VOCs. The real parts of the RI for SOA are within the range of 
1.50–1.60 across a wavelength range of 313–600 nm, comparable to 
SOA formed from specific VOC precursors, like toluene and benzene, but 
are lower than or comparable to BB-POA. SOA generated from all three 
photochemical ages could be classified as “weakly absorbing BrC” 
(Hettiyadura et al., 2021), and more aged SOA showed higher absorp
tion abilities. Over non-ice/snow surfaces, all three ages of airborne SOA 
with diameters between 50 and 400 nm have a cooling effect on the 
atmosphere. Above the surface with an albedo of the Earth-average 
value of 0.19, the SOA in this study can counteract the warming effect 
of BC by coating it. The offset effect becomes stronger with thicker 

Fig. 6. Light absorption enhancement ratios of BC (Eabs) coated by (a) 0.7-days SOA, (b) 5.5-days SOA, and (c) 10.6-days SOA. Light scattering enhancement ratios of 
BC (Esca) coated by (d) 0.7-days SOA, (e) 5.5-days SOA, and (f) 10.6-days SOA. 

Fig. 7. The integrated SFE against BC diameter and RBC for (a) 0.7-days SOA, (b) 5.5-days SOA, and (c) 10.6-days SOA, when an Earth-average albedo of 0.19 is used.  
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coating, and will eventually transform the bulk aerosol into having a 
cooling effect. 

In ambient conditions, as the BB plume becomes gradually diluted 
and oxidized, the chemical composition and size of BBOA will change, 
which will alter the evaporation rate and chemical composition of SBB- 
OGs. Palm et al. (2020) reported that both the formation rate of BB-SOA 
and evolution rate of SOA light absorption varied under different dilu
tion ratios. This study focuses on SOA formed from SBB-OGs that 
evaporated from BB-POA in the first few hours. In the future, more 
studies on SBB-OGs from diverse stages of BBOA should be performed, as 
well as studies of SOA formation under a variety of aging conditions. 
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