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Polycyclic aromatic hydrocarbons (PAHs) are important constituents of brown carbon (BrC) that are subject 
to atmospheric processing by gas-phase oxidants such as the hydroxyl radical (OH) and the nitrate radical 

(NO3). While OH oxidation of BrC has been investigated extensively, studies of NO3 oxidation are limited.  

Here, we generated BrC containing a complex mixture of light-absorbing PAHs from the combustion of 
toluene and investigated changes in their chemical composition and light-absorption properties following 

exposure to NO3 in an oxidation flow reactor. Three types of BrC were studied, with varying light-

absorption properties that were classified in terms of the imaginary part of the refractive index (k) as: light 
BrC (k at 532 nm, k532 = 0.008), medium BrC (k532 = 0.026), and dark BrC (k532 = 0.091). Exposure to NO3 

led to ~30% increase in k532 of the light and medium BrC and ~5% decrease in k532 of the dark BrC. This 

discrepancy is attributed to two competing effects: 1) addition of chromophoric functional groups by 

heterogeneous oxidation and 2) condensation of gas-phase PAH+NO3 oxidation products that were less-
absorbing than the particulate PAHs. Analysis of the aerosol chemical evolution revealed that effect (2) 

was more important in the dark BrC experiments. We performed optical calculations to isolate effect (1) 

and showed that heterogeneous oxidation led to ~50% increase in k532 for all the BrC types. These results 
indicate that NO3-induced heterogeneous oxidation darkens some types of atmospheric BrC, which can 

counterbalance bleaching effects induced by OH oxidation. 
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1. Introduction 

Brown carbon (BrC), also known as light-absorbing organic aerosol (OA), plays a vital role alongside black 
carbon (BC) in the absorption of solar radiation by carbonaceous aerosols. This has been confirmed by 

numerous laboratory experiments (e.g., Saleh et al. 2014; Adler et al. 2019; Olson et al. 2015), field 

observations (e.g., Lack et al. 2012; Zhang et al. 2017), and remote-sensing observations (e.g., Wang et al. 

2016; Jethva and Torres 2011; Wang et al. 2013). Consequently, the radiative effect of light absorption by 
BrC has been the focus of several global-climate calculations (e.g., Saleh et al. 2015; Wang et al. 2014; 

Feng et al. 2013; Brown et al. 2018; Wang et al. 2018; Jo et al. 2016; Hammer et al. 2016). These modeling 

studies have revealed a potentially important, yet highly uncertain radiative effect associated with BrC light 
absorption, with global-mean values ranging between +0.03 W m-2 and +0.57 W m-2. This large variability 

is in part a manifestation of the limited understanding of the chemical nature, formation pathways, and 

atmospheric processing of BrC, which hinders explicit representation of the wide range of experimentally 

derived BrC light-absorption properties within a climate-modeling framework. 

While BrC is typically associated with biomass-combustion emissions, it has also been observed in the 
emissions of fossil-fuel combustion as well as in secondary organic aerosol (SOA) formed by the oxidation 

of biogenic and anthropogenic precursors (Laskin, Laskin, and Nizkorodov 2015; Moise, Flores, and 

Rudich 2015). The light-absorption properties of BrC are usually quantified using the wavelength-
dependent imaginary part of the refractive index (k) or the mass absorption cross section (MAC). The values 

of k at mid-visible wavelengths reported for BrC range over 3 orders of magnitude (10-4 to 10-1) (Laskin, 

Laskin, and Nizkorodov 2015). BrC exhibits an increase in absorption with decreasing wavelength within 
the visible spectrum, which can be represented using a power-law functional dependence on wavelength. 

The values of wavelength dependence (w) of k (i.e., the exponent of the power-law) vary from ~1 to 10. 

For reference, the corresponding mid-visible MAC (m2
 g-1) values can be roughly approximated by 

multiplying the mid-visible k by 10. Also, the wavelength dependence of MAC, the absorption Ångström 

exponent (AAE), can be approximated as w + 1 for particles much smaller than the wavelength. 

In terms of chemical composition, atmospheric BrC has been often associated with the broad family of 

humic-like substances (HULIS) (Kwon et al. 2018; Claeys et al. 2012; Utry et al. 2013; Y. Wang et al. 

2019). This is rooted in a study by Mukai and Ambe (1986) who identified brown airborne particles 
originating from biomass burning and found that their chemical signatures were similar to humic acids. 

Another broad term, tar balls, was introduced by Posfai et al. (2004) and has been used to designate a class 

of BrC emitted from biomass combustion (Adachi et al. 2018; Sedlacek III et al. 2018; Hoffer et al. 2016; 

Tóth et al. 2014). These two classifications are not necessarily incompatible. BrC absorption in biomass-
combustion emissions have been linked to charge transfer complexes (Phillips and Smith 2014) as well as 

aromatic species, including polycyclic aromatic hydrocarbons (PAHs) (Li et al. 2019b; Adler et al. 2019) 

and oxygenated and nitrated aromatics (Li et al. 2019b; Lin et al. 2016; Liu et al. 2017; Desyaterik et al. 
2013). Such chromophores have been identified both in HULIS (Claeys et al. 2012; Wang et al. 2019) as 

well as tar balls (Li et al. 2019a, 2019b). 

Despite the advances in identifying the chemical species that constitute BrC, a comprehensive picture of 

the landscape of BrC chemical structure is still lacking (Laskin, Laskin, and Nizkorodov 2015). Perhaps 
even more lacking is the understanding of the evolution of BrC upon chemical processing in the atmosphere, 

which has been the focus of numerous recent studies. Both laboratory studies (Browne et al. 2019; Sumlin 

et al. 2017; Zhao et al. 2015; Wong, Nenes, and Weber 2017; Wong et al. 2019) and field measurements 

(Satish et al. 2017; Dasari et al. 2019; Forrister et al. 2015; Wong et al. 2019)have observed that photo-
oxidation led to a reduction in BrC light absorption. This bleaching effect could be attributed to either dark 

or photo-initiated destruction of chromophores through OH oxidation. On the other hand, the presence of 

NOx has been observed to enhance the BrC light absorption  (Li et al. 2019a, 2019b; Wang et al. 2019)  or 
slow down the OH-induced bleaching effect (Zhong and Jang 2014; Nakayama et al. 2013). Another 

important, yet understudied, atmospheric reaction that can potentially contribute to the dynamic behavior 
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of BrC light absorption is the nighttime reaction of PAHs with NO3 radicals (Keyte et al. 2013;). The large 
reaction rate coefficients (Mak et al. 2007) and rapid uptake of NO3 on surfaces (Knopf, Forrester, and 

Slade 2011) suggest that NO3 could induce heterogeneous oxidation of condensed-phase PAHs, leading to 

the formation of nitrogen-containing PAH derivatives, including nitro-PAHs. Studies of heterogeneous 

oxidation of single-compound PAHs (e.g., anthracene, pyrene, and benzo[a]pyrene) with NO2/NO3/N2O5 

indicated that these reactions resulted in enhanced UV-visible absorption of the oxidized PAHs relative to 

their parent molecules  (Kwamena and Abbatt 2008; Lu et al. 2011).  

As alluded to above, PAHs are major constituents of combustion BrC, especially the highly-absorptive 

fraction (Saleh et al. 2018; Li et al. 2019a, 2019b; Adler et al. 2019). This is not surprising since PAHs 
have been identified as key species in the soot-formation process by numerous fundamental laboratory 

studies (Michelsen 2017) and have been known to constitute a substantial fraction of combustion emissions 

of fossil (Karavalakis et al. 2011) and biomass (Shen et al. 2012) fuels. We have recently shown that BrC 
produced from the combustion of benzene and toluene has prominent PAH signatures and exhibits varying 

molecular sizes, volatilities, and light-absorbing properties that are dependent on combustion conditions 

such as temperature and relative amounts of fuel, oxygen, and nitrogen (Saleh et al. 2018). The light-

absorption properties of these PAHs fall on a continuum that extends from weakly absorbing (light) BrC to 
strongly absorbing (dark) BrC, eventually approaching BC (Cheng et al. 2019). Here, we build on these 

findings to investigate the evolution of the light-absorption properties of complex PAH-containing BrC 

following oxidation by NO3. We performed toluene-combustion experiments controlled at different 
combustion conditions to produce BrC with varying levels of darkness. For each combustion condition, we 

exposed the BrC to NO3 in an oxidation flow reactor (OFR) and compared the light-absorption properties 

and chemical composition of the oxidation products to their parent molecules. Since PAHs and their 

derivatives are the dominant constituents of toluene-combustion BrC (Saleh et al. 2018), we use BrC and 

PAHs interchangeably throughout the paper in a manner that serves the discussion.  

2. Methods 

As shown in Figure 1, the experimental setup employed in this study has 4 major components: 1) A 

combustion system used to generate BrC with variable light-absorption properties; 2) N2O5 generation 

system; 3) oxidation flow reactor (OFR), where the BrC was aged with NO3 produced from thermal 
decomposition of N2O5; and 4) a suite of instruments than enabled characterization of the chemical 

composition and light-absorption properties of the OFR effluent. Each of the components is described in 

the subsequent sections. 

 

Figure 1: Schematic of the experimental setup for generating unoxidized and oxidized (with NO3) BrC 
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2.1. Combustion system 

A detailed description of the combustion system can be found in Cheng et al. (2019). Briefly, combustion 
of toluene was performed in a quartz combustion chamber controlled at 1050 ˚C. Toluene vapor was 

introduced into the combustion chamber by flowing nitrogen through a bubbler containing toluene. The 

flow of toluene-saturated nitrogen (0.14 - 0.17LPM) was then mixed with flows of nitrogen (0.35 - 0.41 

LPM) and zero air (0.23 - 0.24 LPM) before entering the combustion chamber. By controlling the relative 
flowrates of toluene, zero air, and nitrogen, we generated BrC with varying light-absorption properties. 

Specifically, decreasing the nitrogen flowrate produced larger-molecular size, more-absorbing (darker) BrC. 

Combustion conditions were fine-tuned using the observed light absorption properties (MAC and AAE) 
that were calculated in real-time based on measurements of particle size distributions and light absorption 

coefficients, as described in Section 2.3. In one experiment, we passed the combustion emissions through 

a thermodenuder controlled at 200 ˚C. By doing so, we relied on the established association between 
volatility, molecular size, and light-absorption properties (Saleh et al. 2018) to isolate the dark, large-

molecular-size fraction of the BrC. In order to minimize contributions of gas-phase PAH + NO3 oxidation 

products on the optical properties of the BrC (i.e., condensed-phase PAHs), an activated carbon denuder 

was placed in-line before the OFR to absorb gas-phase components of the combustion emissions.  

2.2. NO3 generation and oxidative aging of the BrC 

As shown in Figure 1, separate flows containing NO2 (1% in N2 , Praxair) and O3 were input to a perfluoro 
alkoxy (PFA) flow tube with 1 inch outer diameter and 60” length that was operated as a laminar flow 

reactor (LFR), where, upon mixing, N2O5 was generated in the gas phase from the reaction NO2 + O3  

NO3 + O2 followed by the reaction NO3 + NO2  N2O5 (Lambe et al. 2020). In these experiments, the NO2 
in the N2 flow rate was set between 0 and 15 cm3 min−1, and O3 was generated by passing 2 LPM of O2 

through an ozone chamber housing a mercury fluorescent lamp (GPH212T5VH, Light Sources, Inc.). The 

output of the LFR was mixed with the combustion emissions and ~12 LPM of dilution air prior to injection 

into an Aerodyne Potential Aerosol Mass oxidation flow reactor (OFR) (Lambe et al. 2011). The mean 
residence time in the OFR was approximately 70 sec. The N2O5 generated in the LFR thermally decomposed 

at room temperature inside the OFR to generate NO3, which initiated oxidation of the PAHs (both in the 

condensed phase and vapor phase) introduced from the combustion system. The integrated NO3 exposure, 
that is, the product of the NO3 concentration and mean OFR residence time, was estimated based on results 

from a separate set of experiments as 5.2 × 1013 molec cm-3 sec, corresponding to an equivalent atmospheric 

aging time of approximately 2.4 nights assuming a 12-hour average ambient NO3 mixing ratio of 20 ppt 

(Atkinson 1991) and negligible daytime NO3 concentration. The calculations are shown in the SI. 

2.3. Size distributions and light-absorption properties 

The size distributions of the unoxidized and oxidized BrC particles were measured using a scanning 
mobility particle sizer (SMPS, TSI). As shown in Figure S1, the volume distributions of the particles were 

scanned from 10 nm to 400 nm, with mode diameters between 60 nm and 80 nm. We also integrated the 

SMPS volume distributions and calculated the total aerosol mass concentrations (mp) using a density of 1.2 
g cm-3. The density was obtained in a previous experiment on similar aerosol emissions using the tandem 

differential mobility analyzer – aerosol particle mass analyzer (tandem DMA-APM) technique (Malloy et 

al. 2009). 

We measured the absorption coefficients (babs, Mm-1) at λ = 473, 532, and 671 nm using a differential 

photoacoustic aerosol spectrometer (DPAS, Aerodyne Research Inc.) (Yu et al. 2019). The DPAS contains 
two photoacoustic cells, where one cell measures light absorption by the total aerosol and gaseous sample, 

and the other cell measures the light absorption by the gaseous sample only. Aerosol light absorption is 

calculated as the difference in light absorption measured by the two cells. The DPAS has a time resolution 
of 10 s and detection limits of 0.20 Mm-1 at 671 nm, 0.22 Mm-1 at 532 nm, and 0.90 Mm-1 at 473nm (Yu et 

al. 2019). Following the procedure of Yu et al. (2019), we calibrated the DPAS absorption at the 3 
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wavelengths using synthetic pigment black particles (Cab-O-Jet 200 from Cabot Corp., Boston, MA, USA). 
Cab-O-Jet has spectroscopic and morphological properties similar to aged BC (MAC at 550 nm = 7.89 ± 

0.25 m2 g-1 and AAE = 1.03 ± 0.09) (You et al. 2016). The calibration process involved size-selecting Cab-

O-Jet particles of 300 nm electrical-mobility diameter using a differential mobility analyzer (DMA, TSI) at 

different concentrations and using linear regression to obtain the calibration coefficient at each wavelength 

as the slope of the DPAS microphone signal versus concentration. 

Using the babs values from the DPAS and mp values from the SMPS, we calculated MAC and AAE of the 

unoxidized aerosol during the experiments as: 

MAC =  𝑏𝑎𝑏𝑠/𝑚𝑝          (1) 

MAC =  MAC532 (
532

𝜆
)AAE         (2) 

Where MAC532 is the MAC at 532 nm, λ is the wavelength, and AAE was obtained by fitting a power-law 

function to equation 2. 

We used these real-time calculations to tune the combustion conditions to produce BrC with a range of 

light-absorption properties. Producing the dark BrC also involved passing the emissions through a 

thermodenuder maintained at 200 °C (see Section 2.1).  

We retrieved the wavelength-dependent BrC imaginary part of the refractive indices (k) from these 

measurements using optical closure (Saleh et al. 2014; Lack et al. 2012). The optical closure procedure 
involved fitting babs at 473, 532, and 671 nm obtained using Mie theory calculations to babs measured by the 

DPAS. Inputs to Mie calculations included the particle size distributions measured by the SMPS and the 

real part of the refractive index.  The latter was assumed to be wavelength-independent and having a value 
between 1.6 and 1.7, which are typical values observed for BrC (Saleh et al. 2014; Li et al. 2019a, 2019b). 

The imaginary part of the refractive indices at each wavelength (k473, k532, k671) were fitting parameters. We 

then calculated the wavelength dependence (w) as the exponent of a power-law fit of the retrieved k473, k532, 

k671 versus wavelength. 

2.4. Chemical speciation 

Volatile organic compounds (VOCs) and oxygenated VOCs (OVOCs) were measured using a Vocus Proton 

Transfer Reaction Time-of-Flight Mass Spectrometer (PTR-MS, Tofwerk/Aerodyne) (Krechmer et al. 2018) 

with H3O
+ reagent ion. PTR-MS data were analyzed using the Tofware software package (Tofwerk AG, 

Aerodyne Research, Inc.) implemented in IGOR Pro (Wavemetrics, Inc.). Ensemble mass spectra of the 

particles and their aerodynamic size distributions were measured with two Aerodyne time-of-flight aerosol 

mass spectrometers (AMS). One AMS was operated with the standard tungsten vaporizer configuration to 

enable detection of non-refractory aerosol components with flash vaporization at 600 °C followed by 

electron impact ionization and time-of-flight mass spectrometry (e.g., Decarlo et al. 2006). This AMS was 

equipped with a high-resolution (resolving power up to ~ 8,000 m/m) time-of-flight mass spectrometer 

(TOFMS). The other AMS, a soot particle aerosol mass spectrometer (SP-AMS), was operated with a λ = 

1064 nm laser vaporizer to enable detection of aerosol components that absorb at 1064 nm as well as species 

internally mixed with the absorbing aerosols (Onasch et al. 2012). The tungsten vaporizer was removed so 

that only absorbing particles were detected. This AMS used a TOFMS with resolving power up to ~ 4,000 

m/m.  Elemental analysis yielding O/C, H/C, and N/C ratios was performed on AMS measurements using 

the SQUIRREL/PIKA software package implemented in IGOR Pro (Aiken et al. 2007; Canagaratna et al. 

2015). To calculate N/C, we assumed that AMS signals at m/z = 30 (NO+) and m/z = 46 (NO2
+) were 

associated with PAH + NO3 oxidation products (details in Section 3.2.1) and therefore were classified as 

organics in the software.  
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3. Results and Discussion 

3.1. Evolution of light-absorption properties 

By tuning the combustion conditions of toluene, we generated BrC with varying light-absorption properties, 
which we categorized as light (k473 = 0.021, k532 = 0.008, k671 = 0.004, w = 6.2), medium (k473 = 0.053, k532 

= 0.026, k671 = 0.020, w = 3.6), and dark (k473 = 0.099, k532 = 0.091, k671 = 0.081, w = 0.6). We note that the 

descriptors light, medium, and dark are not meant to be associated with the corresponding k values in an 

absolute sense but are introduced to facilitate discussing the results. The evolution of the retrieved k and w 
after exposure to NO3 is depicted in Figure 2a and 2b, respectively. The k values of the oxidized BrC are 

normalized to those of the unoxidized BrC for ease of visual comparison across different wavelengths and 

different samples. The absolute k values of the oxidized BrC can be calculated by multiplying the ratios in 
Figure 2a with the values of unoxidized BrC above, and they are also given in Table S1 in the SI. The light 

BrC underwent a 10% decrease in k473, 30% increase in k532, and more than a factor of 2 increase in k671, 

which is manifested as an overall significant decrease in w of approximately 50% (Figure 2b). This indicates 

that NO3-induced oxidation added chromophores that are significantly darker (larger mid-visible k with a 
flatter wavelength dependence) than those existing in the parent PAHs. The medium BrC underwent a 7% 

increase in k473, 30% increase in k532, and 20% increase in k671. This indicates that for the medium BrC, 

NO3-induced oxidation also added chromophores that are darker than the original parent PAHs. The dark 
BrC experienced the smallest change in light-absorption properties. It underwent a 7% increase k473, 3% 

decrease in k532, and 2% decrease k671, which is an indication of the addition of chromophores that are, on 

average, relatively lighter than the parent PAHs. In Section 3.2, we discuss the differences in the evolution 
of light-absorption properties between the light, medium, and dark BrC in the context of differences in their 

chemical evolution in the OFR. 
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Figure 2: (a) Evolution of the imaginary part of refractive index (k) at λ = 473, 532, and 671 nm of light, 
medium, and dark BrC, quantified as the ratio of k of the oxidized BrC (koxidized), to k of the unoxidized BrC 

(kunoxidized). (b) The corresponding evolution of the wavelength dependence (w). Smaller w is indicative of 

darker BrC. Error bars represent standard deviations over time for one experiment. Numerical values of 

kunoxidized, koxidized, and w are given in Table S1. 

3.2. Evolution of aerosol chemical composition  

3.2.1. AMS and SP-AMS measurements of unoxidized and oxidized BrC 

As described in Section 2.4, we characterized the aerosol chemical composition using an AMS and an SP-

AMS. The AMS detected non-refractory components of the aerosol that flash-vaporized at ~ 600 °C, 

whereas the SP-AMS detected components that absorbed the 1064 nm laser as well as components 

internally mixed with these strong absorbers. Figure 3 compares the normalized AMS (Figure 3a) and SP-
AMS (Figure 3b) spectra of the unoxidized light and dark BrC aerosols. There are two points to make. First, 

the dark BrC spectra detected by both the AMS and SP-AMS contain organics with larger m/z compared to 

the light BrC spectra. This is in agreement with our previous results showing an association between BrC 
darkness and molecular size (Saleh et al. 2018). Second, for the same BrC (i.e., light or dark), the SP-AMS 

spectra are skewed to larger m/z compared to the AMS spectra. This can be interpreted based on the 

association between BrC molecular size, volatility, and light absorption (Saleh et al. 2018), and how these 

properties affect the detection efficiency of the two instruments. Specifically, the small-molecular-size BrC 



8 
 

components have moderate volatilities and can readily flash-vaporize at 600 °C and be detected by the 
AMS. However, they are weakly absorbing and therefore do not efficiently absorb the 1064 nm laser, 

leading to low detection efficiency by the SP-AMS. On the other hand, the large-molecular-size BrC 

components have extremely low volatilities and do not readily flash-vaporize at 600 °C, leading to low 

detection efficiency by the AMS. However, they are strongly absorbing and can therefore efficiently absorb 
the 1064 nm laser (along with BC), leading to higher detection efficiency by the SP-AMS. However, BC is 

likely a minor component of the particles that were generated, for two reasons. First, as shown in Figure 

S1, the SMPS volume distribution is unimodal with a relatively small mode diameter (~60 nm). The 
presence of BC would manifest as a second larger mode. Second SEM images of particles formed at similar 

combustion conditions in a previous study revealed near-spherical particles, indicative of pure OA, where 

BC-containing particles exhibited irregular shapes (Saleh et al. 2018). 

 

Figure 3. AMS and SP-AMS UMR spectra of organic aerosol components in unoxidized light BrC and 
dark BrC aerosols.  

We observed a difference between the total OA concentrations detected by the AMS and SP-AMS for the 
light and dark BrC. For the light BrC, the OA concentration detected by the AMS was approximately a 

factor of 20 larger than the SP-AMS (Table S1). On the other hand, for the dark BrC the OA concentration 

detected by the SP-AMS was approximately a factor of 6 larger than the OA concentration detected by the 
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AMS (Table S1). In addition to the large-molecular-size organic species shown in Figure 3, the SP-AMS 
spectra of the dark BrC also contained signals at m/z = 12x that represent carbon clusters (Cx, where x = 1 

to 9) typically associated with BC and a series of signals at m/z = 720 + 24x that represent trace fullerenes 

(C60+2x) present in the aerosols and/or formed in the laser (Onasch et al. 2015). These components likely 

also contributed to the absorption of the 1064 nm laser by the aerosol and overall increase in the SP-AMS 

detection efficiency. 

This picture changed dramatically after oxidation. Due to the significant increase in light absorption induced 

by oxidation with NO3 (Section 3.1 and Figure 2), the oxidized light BrC was significantly more efficient 

at absorbing the SP-AMS 1064 nm laser than the parent molecules (i.e., unoxidized light BrC) resulting in 
more than an order-of-magnitude increase in detection efficiency by the SP-AMS. Consequently, the ratio 

of AMS OA to SP-AMS OA dropped from 20 to 2 after oxidation (Table S1). Results and discussion in the 

subsequent sections are based on AMS measurements of light and medium BrC and SP-AMS measurements 

of dark BrC. 

Figure 4 reveals additional noteworthy changes in the AMS and SP-AMS spectra of BrC following 

exposure to NO3 radicals in the OFR. First, NO3 exposure led to an increase in signals at m/z = 30 and 46 

(NO+ and NO2
+) and m/z = 44 (CO2

+). Because negligible NH4
+ is present, and because the NO+:NO2

+ ratio 

in oxidized BrC (1.6-2.1) was higher than the NO+:NO2
+ ratio in ammonium nitrate measured by the same 

AMS instrument (1.2), these signals can be attributed to PAH + NO3 oxidation products such as nitro-PAHs 

rather than particulate inorganic nitrates. However, we note that NO+:NO2
+ values measured in this work 

are different from NO+:NO2
+ of particulate organic nitrates studied previously (Bruns et al. 2010; Farmer 

et al. 2010), perhaps indicating different behavior of nitroaromatics in the AMS. The CO2
+ signal is 

associated with decarboxylation of organic acids in the AMS (Canagaratna et al. 2015). Second, the organic 

mass per particle measured by the AMS increased following NO3 exposure, indicating OA enhancement 

by SOA formation or heterogeneous oxidation. Third, the oxidized BrC spectra (Figures 4b and 4d) were 

shifted towards smaller carbon-number fragment ions than the corresponding unoxidized BrC spectra 

(Figures 4a and 4c). These changes may be due to condensation of gas-phase PAH + NO3 oxidation products 

and/or functionalization of condensed-phase PAHs following heterogeneous oxidation by NO3. The 

potential contributions of these processes are discussed in more detail in Section 3.2.3. Corresponding high-

resolution AMS and SP-AMS spectra colored by CxHy, CxHyOz, CxHyOzN, CxHyN ion families are shown 

in Figures S3-S6 in the SI. 

3.2.2. Evolution of elemental composition 

The evolution of O/C, H/C, and N/C of the light, medium, and dark BrC due to oxidation with NO3 is 

depicted in the van Krevelen diagram (Heald et al. 2010) in Figure 5. We calculated H/C and O/C ratio 
using the improved-ambient method (Canagaratna et al. 2015) and N/C ratio using the method of Aiken et 

al. (2007). NO3 exposure resulted in an increase in H/C, O/C, and N/C for all PAHs. The increase in nitrogen 

content is associated with the addition of nitro (-NO2) groups (Figure 4), either by heterogeneous oxidation 
or gas-phase oxidation followed by condensation. On the other hand, approximately half of the increase in 

oxygen content is associated with the addition of nitro groups and half was associated with the addition of 

other functional groups including carboxylic acids, carbonyls, and alcohols. 
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Figure 4. (a) AMS and (b) SP-AMS HR spectra of organic and nitrate signals in the unoxidized light BrC, 
and (c) AMS and (d) SP-AMS HR spectra of organic and nitrate signals in the oxidized light BrC (exposed 

to NO3 radicals at 2.4 nights of equivalent atmospheric NO3 exposure). 

 

Figure 5: Van Krevelen diagram showing the H/C versus O/C for unoxidized (open symbols) and oxidized 
(solid symbols) BrC. Symbols are colored by N/C. Error bars represent ±12% uncertainty in O/C and ±4% 

uncertainty in H/C (Canagaratna et al. 2015). 
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3.2.3. SOA formation versus heterogeneous oxidation 

The combustion emissions were passed through an activated carbon denuder (Figure 1) to remove residual 
toluene as well as gas-phase combustion products in order to minimize the effect of SOA formation relative 

to heterogeneous oxidation on the evolution of light-absorption properties of the BrC. The fractional 

removal of toluene and C10-C13 gas-phase PAHs was greater than 0.98, 0.99, 0.83, 0.92, and 0.13 for toluene, 

naphthalene (C10H8), acenaphthylene (C12H8), acenaphthene (C12H10), and fluorene (C13H10), respectively 
(Figure S2). Furthermore, after stripping semi-volatile PAHs from the gas phase, these species were 

expected to partition from the particle phase to the gas phase to maintain thermodynamic equilibrium, as 

appeared to be the case for phenanthrene/anthracene (C14H10), whose signal increased after denuding. 
Therefore, some SOA formation due to gas-phase NO3 oxidation and subsequent condensation of these 

semi-volatile PAHs is expected to occur. 

To estimate the relative contribution of SOA formation versus heterogeneous oxidation to the increase in 

OA mass concentration after oxidation with NO3, we performed elemental (C, N, O) mass balance on the 

OA measured by the AMS and SP-AMS before and after oxidation. The functional groups that can 
potentially be added to the condensed phase by heterogeneous oxidation contain only nitrogen or oxygen. 

Therefore, any increase in carbon after oxidation was attributed to SOA formation. The carbon mass balance 

showed that SOA formation constituted 8%, 15%, and 37% of the carbon mass of the oxidized particles for 
the light, medium, and dark BrC, respectively. The relatively high SOA fraction in the dark BrC 

experiments may have been a consequence of semivolatile PAHs that evaporated inside the thermodenuder 

used to isolate the dark BrC (Section 2.1) and were subsequently oxidized in the OFR to generate SOA. As 
discussed in Section 3.3, the difference in the fractional contribution of SOA formation for the different 

BrC samples played a key role in the observed evolution in light-absorption properties (Figure 2). 

While the increase in carbon mass was clearly related to SOA formation, the increase in oxygen and 

nitrogen mass was potentially contributed from both SOA formation and/or heterogeneous oxidation 

processes. To estimate the relative contributions of each process, we applied the following constraints:  

1. We assumed that condensable molecules formed from gas-phase PAH + NO3 reactions contained 
carbon numbers (C#) ranging from 10 (e.g., naphthalene) to 18 (e.g., chrysene). Known oxidation 

products of naphthalene (e.g., nitro-naphthalene) have saturation vapor pressures (Psat) > 10-2 Pa  

(Bandowe and Meusel 2017), corresponding to saturation concentration (msat) > 103 µg m-3, which 
is at the upper limit of what could significantly partition to the particle phase in our experiments, 

where typical OA mass concentrations (mOA) were 100-200 µg m-3. On the other hand, species with 

C# > 18 have Psat < 10-5 Pa (msat < 1 µg m-3 ) (Keyte et al. 2013) and are therefore expected to exist 

almost exclusively in the condensed phase. 
2. We assumed that each condensing molecule contained nitrogen numbers (N#) ranging from 0 to 1 

and oxygen numbers (O#) ranging from 2 to 4 (Sasaki et al. 1997; Zielinska et al. 1989; Atkinson 

et al. 1990). We did not impose upper limits on N# and O# contributed from heterogeneous oxidation 

processes (Liu et al. 2012). 

Based on these constraints, we obtained possible ranges of the amounts of nitrogen and oxygen that can be 

brought into the particles via SOA formation (ΔNcond and ΔOcond) as a function of C# of the condensing 

molecules. We then subtracted these values from the total amounts of added nitrogen and oxygen (ΔNtot 

and ΔOtot) obtained from the mass balance to calculate the amounts of nitrogen and oxygen added via 

heterogeneous oxidation (ΔNhet and ΔOhet).  

The results of these calculations are shown in Figure 6 for light, medium, and dark BrC. As expected, the 

contribution of heterogeneous oxidation to adding nitrogen (ΔNhet / ΔNtot) and oxygen (ΔOhet / ΔOtot) is 

inversely proportional to the assumed nitrogen and oxygen content of the SOA molecules. For the light and 
medium BrC, heterogeneous oxidation is expected to be the dominant mechanism in adding nitrogen and 

oxygen to the particles, with ΔNhet / ΔNtot ranging from 0.7 to 1 and ΔOhet / ΔOtot ranging from 0.6 to 0.9 as 
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a function of C# for all assumed cases. On the other hand, the contribution of heterogeneous oxidation to 
dark BrC was more sensitive to the assumed composition of the condensing molecules, with ΔNhet / ΔNtot 

and ΔOhet / ΔOtot ranging from 0.2 to 1. While these calculations are speculative, they suggest that SOA 

formation may have a more prominent role in the chemical evolution of the dark BrC than for the light and 

medium BrC in our experiments, which is relevant to explaining the discrepancy in the evolution of light-

absorption properties described in the next section. 

 

Figure 6. Calculated relative contribution of heterogeneous oxidation to adding nitrogen (ΔNhet / ΔNtot) and 

oxygen (ΔOhet / ΔOtot) to the condensed phase as a function of assumed average carbon number of the 

condensing SOA molecules for (a, b) light, (c, d) medium, and (e, f) dark BrC. 
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3.3. The competing effects of SOA formation and heterogeneous oxidation on the evolution of light-

absorption properties 

As described in Section 3.1 and shown in Figure 2, NO3-induced oxidation led to a relatively significant 

increase in darkness of the light BrC, a moderate increase in darkness of the medium BrC, and a minor 

decrease in darkness of the dark BrC. The different trends can be understood as:  

1. The light-absorption properties of the oxidized BrC are average properties of the heterogeneously 

oxidized PAHs and the condensed oxidized PAHs (SOA).  
2. The contribution of SOA to the average light-absorption properties is proportional to the relative 

amount of SOA, which is most significant for the dark BrC, followed by the medium BrC, then the 

light BrC (Section 3.2.3). 
3. The molecular sizes of the gas-phase precursors of SOA are much smaller than the average 

molecular size of the unoxidized particulate PAHs and are therefore much less absorptive in the 

visible spectrum (Saleh et al. 2018). While the SOA generated from NO3 oxidation is more 

absorptive than its gas-phase precursors, it is expected to be significantly less absorptive than the 
unoxidized particulate PAHs if our N# ≤ 1 assumption is justified (Section 3.2.3). Therefore, SOA 

presumably decreases the overall absorption of oxidized BrC. 

4. Heterogeneous oxidation with NO3 is expected to add chromophoric functional groups to the parent 
particulate PAHs (Lu et al. 2011; Zimmermann et al. 2013; Zhang et al. 2013; Jariyasopit et al. 

2014) thus increasing the overall absorption by the oxidized BrC, especially if multiple nitrogen-

containing functional groups are added (Liu et al. 2012). 

To illustrate the competing effects of SOA formation and heterogeneous oxidation, we performed 
simplified calculations to isolate the effect of heterogeneous oxidation on the evolution of the light-

absorption properties of the BrC particles. To do so, we represented the evolution of the BrC in the OFR in 

two phenomena: a heterogeneous oxidation step that changes the k of the BrC from kunoxidized to khet, and an 

SOA formation step that “dilutes” khet by adding the weakly absorbing SOA molecules to the BrC. To 

retrieve khet, we assumed that the k of the oxidized BrC (koxidized) is a mass-weighted average of khet and kSOA: 

koxidized = ySOA kSOA + yhet khet         (3) 

Where ySOA and yhet are the corresponding mass fractions obtained from the mass balance (Section 3.2.3). 

In equation (3), koxidized is retrieved from measurements of the oxidized BrC (Figure 2), while kSOA is 

unknown but can be reasonably constrained. For the lower limit, we used kSOA,532 = 0.001, estimated from 

the data of Lee et al. (2014) for SOA obtained from the high-NOx oxidation of naphthalene. For the upper 

limit, we used kSOA,532 = 0.08 which was obtained here for unoxidized light BrC, based on the assumption 
that SOA is less absorbing than unoxidized BrC. To extend these k-values to other wavelengths, we 

assumed w = 6.2, which is the value we obtained for the unoxidized light BrC. Figure 7 shows khet / kunoxidized 

for the range of assumed kSOA. For reference, we also show the data from Figure 2, i.e., koxidized / kunoxidized, 

on the same plots. 

For the light BrC, SOA constituted only 8% of the carbon mass of the oxidized BrC. Therefore, addition of 

chromophoric functional groups via NO3-induced heterogeneous oxidation dominated the overall evolution 

of the light-absorption properties of the oxidized BrC because khet and koxidized were similar (Figure 7). On 
the other hand, SOA constituted 37% of the carbon mass of the oxidized dark BrC and therefore had a more 

significant influence on its light-absorption properties. Assuming that the SOA was significantly less 

absorptive than the unoxidized particulate PAHs, it effectively “diluted” the overall absorption and led to 

the observed small decrease in absorption at the mid- and long-visible wavelengths (Figure 2 and Figure 7). 
However, isolating the effect of heterogeneous oxidation reveals that, similar to the light BrC, reaction with 

NO3 also added chromophoric functional groups to the dark PAHs as manifested in an enhanced khet relative 

to kunoxidized (Figure 7).  
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With the absence of knowledge of actual kSOA values, the calculations presented in Figure 7 are not meant 
to be quantitative. However, they indicate that heterogeneous oxidation with NO3 led to a similar increase 

in light absorption (i.e., similar khet / kunoxidized) for the light, medium, and dark BrC, and that the observed 

differences in the evolution of their light-absorption properties (koxidized / kunoxidized) may have been due to 

the difference in SOA contribution to the particle mass and overall absorption. 

Our results are qualitatively consistent with the recent findings of Li et al. (2019a). That study reported an 
increase in k of wood-tar BrC of approximately a factor of 2 in the visible wavelengths and 40% in the UV 

wavelengths after 13.3 hours of equivalent atmospheric NO3 oxidation in an OFR. The atmospheric-

equivalent NO3 exposure in Li et al. (2019a) was significantly shorter than our study (13.3 hours vs 2.4 
nights), yet their absorption enhancements are on the high end of ours. This could possibly be due to 

differences in experimental conditions, but could also be attributed to differences in the BrC chemical 

structure. Nevertheless, both studies indicate that heterogeneous NO3 oxidation is an important mechanism 
for enhancing BrC absorption that should be further investigated using more diverse BrC systems and NO3 

exposure conditions. 

 

Figure 7. Effect of heterogeneous oxidation on light-absorption properties of the light, medium, and dark 

BrC. The bars represent ranges of khet / kunoxidized calculated based on equation 3. They reflect the assumed 
range of kSOA as well as the uncertainty in koxidized and kunoxidized (Table S1). The diamonds represent koxidized 

/ kunoxidized (the same as in Figure 2), added here for reference to compare the effect of heterogeneous 

oxidation to the overall observed oxidation. Error bars represent standard deviations over time for one 

experiment. 

3.4. Atmospheric implications 

Our results suggest that light absorption by BrC is enhanced following heterogeneous reactions with NO3, 

while condensable products of gas-phase PAH + NO3 reactions may partially offset this enhancement. The 

majority of studies on atmospheric evolution of BrC have focused on daytime aging, leading to the large 

body of evidence on the bleaching of BrC due to oxidative destruction of BrC chromophores driven by OH 
oxidation or photolysis (e.g., Browne et al. 2019; Sumlin et al. 2017; Zhao et al. 2015; Wong, Nenes, and 

Weber 2017; Wong et al. 2019; Satish et al. 2017; Dasari et al. 2019; Forrister et al. 2015; Sarkar et al. 

2019). On the other hand, observations of nighttime atmospheric evolution of BrC are scarce. Two 
complementary studies (Lin et al. 2017; Bluvshtein et al. 2017) performed optical and chemical speciation 

measurements of atmospheric BrC at night following a large-scale bonfire event. Bluvshtein et al. (2017) 

reported an increase in k values of the (biomass-burning dominated) atmospheric BrC in the mid-visible 
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range in the night hours following the bonfire event, suggesting enhanced BrC absorption due to nighttime 
aging. Lin et al. (2017) reported that unlike fresh biomass-burning BrC chromophores which were 

dominated by aromatic compounds with no nitro groups (Lin et al. 2016), the nighttime aged BrC 

chromophores were dominated by nitroaromatic species that were formed from NO3 oxidation of aromatic 

precursors. The evidence from these two studies points to the importance of the enhancement of BrC 
absorption due to nighttime reactions with NO3. Our controlled combustion and NO3 oxidation experiments 

provide support for these atmospheric observations and motivate the need for further systematic 

atmospheric measurements that target the nighttime aging of BrC. 

4. Conclusions 

We performed toluene-combustion experiments controlled at different combustion conditions to produce 
BrC with varying light-absorption properties, which we categorized as light, medium, and dark BrC. By 

exposing the BrC to NO3 in an OFR, we investigated the evolution of the BrC chemical composition and 

light-absorption properties due to NO3-induced oxidation. The BrC evolved chemically due to both 

heterogeneous oxidation of the particulate PAHs as well as SOA formation driven by gas-phase oxidation 
and subsequent condensation of PAH vapors. We performed calculations to decouple the effects of 

heterogeneous oxidation and SOA formation on the evolution of the light-absorption properties of the BrC 

and showed that heterogeneous oxidation adds chromophoric functional groups that significantly increased 
light absorption by all the 3 BrC types. On the other hand, the oxidized PAHs that contributed to SOA were 

likely less absorbing than the particulate PAHs, thereby reducing the overall light absorption of the oxidized 

BrC. Unlike with the light and medium BrC experiments, SOA formation was prominent in the dark BrC 
experiments, which was manifested as a slight decrease in overall absorption upon oxidation with NO3. 

However, this effect may have been specific to experimental conditions that suppressed the relative 

importance of heterogenous oxidation processes because of the short OFR residence time. NO3-induced 

heterogeneous reactions are expected to be more important than gas-phase reactions at atmospheric 
conditions. Therefore, night-time oxidation with NO3 is expected to enhance the light absorption of some 

atmospheric BrC species. 
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