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ABSTRACT 

Brown carbon (BrC) have significant but poorly constrained impacts on the climate. The major 

source of BrC is incomplete combustion of biomass fuels, where the combustion conditions 

(temperature and air-to-fuel ratio) are poorly controlled, leading to large variations in reported BrC 

light-absorption properties. In order to investigate the dependence of BrC light-absorption 

properties on combustion conditions, we performed controlled combustion experiments with 

model fuels (toluene and benzene) and obtained the mass absorption cross-section (MAC) and 

absorption Ångström exponent (AAE) of the BrC emissions at different combustion conditions. 

We found that more efficient combustion (higher temperature and/or higher air-to-fuel ratio) 

generated more absorptive (darker) BrC. Furthermore, regardless of fuel type and combustion 

conditions, the emitted aerosols exhibited a unified continuum of light-absorption properties that 

can be characterized by MAC at 532 nm (MAC532) and AAE pairs. The pairs were well-correlated 

with the elemental carbon-to-organic carbon ratio (EC/OC), which is a proxy of combustion 

conditions. 

BrC is subject to atmospheric processing by gas-phase oxidants such as the nitrate radical (NO3). 

We investigated the evolution of chemical composition and light-absorption properties of BrC due 



to heterogeneous reaction with NO3. We generated BrC from the controlled combustion of toluene 

and oxidized it with NO3 in an oxidation flow reactor. We found that the heterogeneous reaction 

of BrC with NO3 led to significantly enhance BrC light absorption by the addition of chromophoric 

functional groups (e.g., nitro group). However, condensation of gas-phase PAH+NO3 oxidation 

products that were less-absorbing than the particulate PAHs can counterbalance this enhancement.  

Differences in online and offline optical measurement approaches could also lead to discrepancies 

between different studies. We generated BrC with variable light-absorption properties from the 

controlled combustion of toluene, isooctane, and cyclohexane, and compared the light-absorption 

properties of BrC aerosol retrieved from online method with those of their methanol and 

dichloromethane (DCM) extracts retrieved from offline method. We found that the DCM has 

higher extraction efficiency than methanol for the same BrC aerosols since DCM can extract more 

mass and darker BrC aerosol. Furthermore, we found that solvent-extraction techniques can 

substantially underestimate BrC light-absorption properties.  

INDEX WORDS: Aerosols, combustion emissions, Brown carbon, PAHs, Nitro-PAHs, light-

absorption properties, heterogeneous reaction, solvent-extraction 
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CHAPTER 1 

INTRODUCTION 

 

1.1 background 

Carbonaceous aerosols, including black carbon (BC) and organic aerosol (OA), account for a large 

fraction of atmospheric aerosols and have significant but poorly constrained impacts on the climate 

(Bond et al. 2013; Saleh 2020; Lin et al. 2015). BC, commonly known as soot, absorbs solar 

radiation efficiently, from ultraviolet (UV) into infrared (IR) (Bond and Bergstrom 2006; 

Moosmüller et al. 2009), and has been established as a leading climate-warming agent, potentially 

second only to CO2  (Bond et al. 2013; IPCC 2013; Jacobson 2001). The OA interaction with solar 

radiation and its impacts on the climate are more complicated than those of BC. Most OA 

efficiently scatters visible radiation and absorbs IR and UV radiation strongly but are relatively 

nonabsorbing in visible (vis, 400−700 nm) and near-IR (700− 2500 nm) wavelengths, causing an 

overall cooling effect (Laskin, Laskin, and Nizkorodov 2015). However, some OA species absorb 

solar radiation efficiently in the near-UV (300−400 nm) and visible ranges and are dubbed brown 

carbon (BrC) (Andreae and Gelencsér 2006). This has been confirmed by numerous laboratory 

experiments (e.g., Saleh et al. 2014; Xie et al. 2017; Chakrabarty et al. 2010; Adler et al. 2019; 

Olson et al. 2015), field measurements (e.g., Kirchstetter et al. 2004; Lack et al. 2012; Devi et al. 

2016; Zhang et al. 2017; Shamjad et al. 2016), and remote-sensing observations (e.g., Arola et al. 

2011; Bahadur et al. 2012; Jethva et al. 2011; Wang et al. 2013; Zhang et al. 2017). Thus, BrC 
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plays a vital role alongside BC in the absorption of solar radiation by carbonaceous aerosols 

(Laskin, Laskin, and Nizkorodov 2015; Saleh 2020). 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; Zhang et al. 2017; Brown et al. 2018), which 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 (Saleh 2020). This large 

variability is in part a manifestation of the limited understanding of the formation pathways, 

chemical nature, and atmospheric processing of BrC (Laskin, Laskin, and Nizkorodov 2015). In 

addition to the true variability outlined above, there are also differences in optical measurement 

approaches that have been applied in the literature, which could lead to discrepancies between 

different studies (Moosmüller, Chakrabarty, and Arnott 2009). All of the above hinder explicit 

representation of the wide range of experimentally derived BrC light-absorption properties within 

a climate-modeling framework. 

1.2. Sources of Brown Carbon 

On the global scale, incomplete combustion of biomass, including open-biomass burning (e.g., 

large-scale forest and savanna fires) and solid-biofuel burning (e.g., wood and other biofuels for 

heating, cooking, and energy), is the major source of atmospheric BrC (Ramanathan et al. 2007; 

Zhang et al. 2017; Wang et al. 2016; Xie et al. 2018; Washenfelder et al. 2015). Moreover, some 

studies have found that incomplete combustion of fossil fuels, such as low-efficiency residential 

coal combustion (Du et al. 2014a, 2014b; Yan et al. 2018; Yan et al. 2017) and heavy-fuel-oil 

(HFO) combustion in ship engines (Corbin et al. 2019, 2018), is also a significant source of BrC. 

Although biomass-combustion BrC has a higher contribution to the global BrC budget than fossil-
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fuel combustion BrC, that does not imply that the chemical composition of biomass fuels is more 

conducive for BrC formation. The key to explain this discrepancy is combustion conditions, 

generally governed by the combustion temperature and air-fuel ratio (AFR) (Turns 2000). Biomass 

combustion is conducive for the formation of BrC because it is typically under relatively low-

temperature fuel-rich combustion conditions (Saleh et al. 2014; Chen and Bond 2010). On the 

other hand, the combustion conditions at which fossil fuels are burned are usually designed to be 

more efficient than those of biomass combustion (e.g., higher combustion temperature and more 

fuel-lean). Such combustion conditions are less conducive for BrC formation. Therefore, the 

quantity of BrC emitted from combustion largely depends on combustion conditions (combustion 

temperature and AFR). Even with biomass fuels, the light-absorption properties of combustion 

BrC have been shown to vary significantly with combustion conditions (Chen and Bond 2010; 

Saleh et al. 2014; Martinsson et al. 2015; ). The combustion temperature and AFR are challenging 

to quantify in the real-life uncontrolled combustion that usually produces a mixture of BrC and 

BC. To overcome this, previous studies have resorted to proxies to indirectly characterize the 

combustion conditions, including the relative abundance of elemental carbon (EC) and organic 

carbon (OC) in the particulate emissions (Vicente et al. 2015; Chen et al. 2014; Shen et al. 2012; 

Stockwell et al. 2016; Hong et al. 2017) that higher EC-to-OC ratio (EC/OC) indicates more 

efficient combustion. Values of EC/OC reported in the literature for uncontrolled biomass 

combustion are highly variable (Olson et al. 2015; Roden et al. 2006; Yang et al. 2009; Chen et al. 

2014; Bauer et al. 2009; Zhang et al. 2013; Akagi et al. 2011), underscoring the diversity in 

combustion conditions. EC/OC (Xie, Hays, and Holder 2017; Pokhrel et al. 2016) and BC/OA 

(Saleh et al. 2014) have been utilized to parameterize the optical properties of combustion 

carbonaceous aerosols. While EC and BC have different operational definitions that depend on the 
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measurement method,  they are closely related and are often used interchangeably (Watson et al. 

2005). 

In addition to primary BrC emissions, BrC are also associated with secondary organic aerosol 

(SOA) from biogenic and anthropogenic precursors (Laskin et al. 2015; Lambe et al. 2013; Rizzo 

et al. 2011, 2013; Updyke et al. 2012). Oxidation of aromatic VOC precursors (e.g., benzene, 

toluene), usually generated from combustion, generate secondary BrC (Zhong and Jang 2011; 

Updyke et al. 2012; Dingle et al. 2019). High-NOx photooxidation (e.g., α-pinene/OH/NOx) and 

ozonolysis (α-pinene/O3) of biogenic precursors (e.g., α-pinene, d-limonene) (Nakayama et al. 

2013; Nakayama et al. 2010; Flores et al. 2014) of biogenic precursors (e.g., α-pinene, d-limonene) 

generate SOA that is typically is non- or less absorbing (Dingle et al. 2019; He et al. 2018). These 

biogenetic SOA might be further oxidized by exposure to ammonia, amines, and amino acids to 

generate secondary BrC (Flores et al. 2014; Lee et al. 2014; Bones et al. 2010). Secondary BrC 

also forms in cloud and fog droplets through aqueous oxidation and oligomerization of α-

dicarbonyls (e.g., glyoxal (GL) and methylglyoxal (MG)) (De Haan et al. 2017; Kampf et al. 2016; 

Marrero-Ortiz et al. 2019; Lin et al. 2015), polycyclic aromatic hydrocarbons (PAHs) (i.e., 

naphthalene and anthracene) (Haynes, Miller, and Majestic 2019), and other organic compounds 

(e.g., phenols) released during biomass burning (Gilardoni et al. 2016; Gelencsér et al. 2003; 

Hoffer et al. 2004; Sun et al. 2010). Secondary BrC can also be generated through nitrate oxidation 

of gas-phase and particle-phase PAHs (Lin et al. 2017; C. Li, He, Hettiyadura, et al. 2019; Lu et 

al. 2011).  
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1.3. Chemical Composition of Brown Carbon 

The relationship between the chemical composition and optical properties of BrC remains limited 

due to the complexity of BrC chemical composition. Atmospheric BrC has been often associated 

with the broad family of humic-like substances (HULIS) (Pöschl 2005; Hoffer et al. 2006; Dinar 

et al. 2007; 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.  Mukai and Ambe (1986) suggested that the 

structure of HULIS contains polycyclic rings with hydrocarbon side chains containing hydroxyl, 

carboxyl, and carbonyl groups. Furthermore, there are more recent studies (Claeys et al. 2012; 

Kahnt et al. 2013; Lin, Engling, and Yu 2010; Lin et al. 2012) on the chemical composition of 

atmospheric HULIS reported presence of relatively small organic molecules (e.g., nitrocatechols, 

aromatic carboxylic acids, terpenoid acids, and nitrooxy organosulfates). HULIS can be formed 

by biomass burning or decomposition, as well as aqueous in-cloud processing and oligomerization 

of water-soluble organics (Andreae and Gelencsér 2006; Graber and Rudich 2006). 

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

a prominent type of largely homogeneous BrC particles commonly detected in smoke emissions 

from incomplete combustion of biomass (Chakrabarty et al. 2010; Adachi and Buseck 2011; 

Alexander, Crozier, and Anderson 2008; China et al. 2013). Tar balls have a unique spherical 

morphology and are stable under the electron beam and high vacuum of a transmission electron 

microscope (TEM) (Chakrabarty et al. 2010; Hoffer et al. 2016; Tóth et al. 2014).  

HULIS and tar balls are not necessarily incompatible. X-ray spectro-microscopy analysis of tar 

balls showed that their spectral and chemical characteristics were similar to the characteristic 
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properties of HULIS (Hopkins et al. 2007; Tivanski et al. 2007). Moreover, BrC chromophores 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, He, 

Schade et al. 2019; Adler et al. 2019) and oxygenated and nitrated aromatics ( Li, He, Schade et 

al. 2019; Lin et al. 2016; Liu et al. 2017; Desyaterik et al. 2013). Such chromophores have been 

identified both in HULIS (Dinar et al. 2007; Claeys et al. 2012; Wang et al. 2019) as well as tar 

balls  (Li, He, Hettiyadura et al. 2019; Li, He, Schade et al. 2019). It has been shown that PAHs 

are major constituents of combustion BrC, especially the highly-absorptive fraction (Saleh et al. 

2018; (Li, He, Hettiyadura et al. 2019; Li, He, Schade et al. 2019; 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. 

1.4. Light-absorption Properties of Brown Carbon 

The light-absorption properties of carbonaceous aerosols are usually quantified using the 

wavelength-dependent imaginary part of the refractive index (k) or the mass absorption cross-

section (MAC). The literature suggested k and MAC at 550 nm for BC are 0.79 and 7.5±1.2 m2 g-

1, respectively (Bond and Bergstrom 2006). Unlike BC, which has relatively well-constrained 

light-absorption properties, the BrC light-absorption properties reported in the literature are highly 

variable (Saleh 2020). 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 
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using a power-law functional dependence on wavelength. Unlike BC, whose light absorption is 

weakly dependent on wavelength in the visible spectrum, the light absorption of BrC exhibits a 

stronger wavelength dependence. The values of the wavelength dependence of k (i.e., the exponent 

of the power-law) is usually quantified in terms of the w. The values of w of BrC k (i.e., k(λ) ~ λ-

w) 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. Saleh (2020) proposed an optical classification of BrC based 

on its k at 550 nm (k550) and w: very weakly absorbing BrC (VW-BrC) (k550=10-4-10-3, w=6-9), 

weakly absorbing BrC (W-BrC) (k550 = 10-3-10-2, w = 4-7), moderately absorbing BrC (M-BrC) 

(k550 = 10-2-10-1, w = 1.5-4), and strongly absorbing BrC (S-BrC) (k550 > 10-1, w = 0.5-1.5). It is 

noteworthy that k550 of VW-BrC and S-BrC are separated by 3 orders of magnitude and that the 

more absorptive BrC (larger k550) is characterized by flatter absorption spectra (smaller w). 

Furthermore, there is a correlation between BrC sources and optical classes, with the more 

absorptive BrC (M-BrC and S-BrC) mostly associated with biomass combustion. 

1.5. Atmospheric Processing of Brown Carbon 

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. The effects of 

atmospheric aging are complex and can either enhance or reduce light absorption by BrC (Laskin, 

Laskin, and Nizkorodov 2015). Both laboratory studies (Browne et al. 2019; Sumlin et al. 2017; 
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Zhao et al. 2015; Wong, Nenes, and Weber 2017) and field measurements (Satish et al. 2017; 

Dasari et al. 2019) have observed that photooxidation 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, He, Hettiyadura et al. 2019; Li, He, Schade et al. 2019; 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 of 

BrC light absorption is the nighttime reaction of PAHs with NO3 (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).  

1.6. Biases in Brown Carbon Optical Measurements 

In addition to the true variability in the light-absorption properties of BrC associated with the 

variability in the BrC formation pathway and chemical composition, some of the variability in the 

literature values is attributed to differences in measurement techniques and the associated biases 

and uncertainties (Moosmüller et al. 2009). Retrieval of k and w of BrC can be achieved via online 

aerosol optical measurements coupled with optical (e.g., Mie theory) calculations (Chakrabarty et 



 

9 

al. 2010; Saleh et al. 2013; Saleh et al. 2014; D. A. Lack et al. 2012) or offline methods involving 

filter collection and extraction with water or organic solvents followed by light-absorption 

measurements using ultraviolet-visible (UV-vis) spectrophotometry (Chen and Bond 2010; Li, 

Chen, and Bond 2016). The main advantage of the online methods is the ability to retrieve the 

optical properties of the BrC aerosol while airborne. 

Photoacoustic spectroscopy (PAS) is a widely used online aerosol light-absorption properties 

measurement technique which has emerged as a technique that can directly measure the actual 

light absorption of suspended particles (Wiegand, Mathews, and Smith 2014; Fischer and Smith 

2018). PAS is designed based on the photoacoustic effect, where particles absorb modulated light 

and convert radiation energy into thermal energy, and then release the thermal energy to heat the 

surrounding gas and generate pressure wave (Terhune and Anderson 1977). Microphones can 

detect these pressure waves, and the amplitude of the microphone signal is linearly proportional to 

the strength of absorption, which makes the PAS signal entirely insensitive for light scattering 

(Haisch 2012; Moosmüller et al. 1997; H. Lin and Campillo 1985; Sedlacek et al. 2008). This is 

one of the most important advantages of PAS technology. Additional to that, current PAS also has 

advantages of stability, reliability, fast time response (seconds to minutes), and low detection limit 

(<1 Mm-1, approximately equal to 1 μg/m3 black carbon concentration) (Fischer and Smith 2018; 

Wiegand, Mathews, and Smith 2014; Yu et al. 2019; Daniel A. Lack et al. 2006). 

On the other hand, PAS instruments are typically limited in the number of wavelengths (typically 

1 ~ 4 wavelengths) and spectral coverage (typically from ~400 to ~800 nm) (Lack et al. 2012; 

Linke et al. 2016; Lack and Langridge 2013; Liu et al. 2015).  Moreover, the retrieval process is 

relatively complex. In the real-life, BrC is often co-emitted with black carbon (BC), induces 
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relatively large uncertainty because retrieval calculations require knowledge of the poorly 

constrained BC mixing state and morphology (Saleh 2020; Stevens and Dastoor 2019). Since BC 

is insoluble in water and organic solvents (T. C. Bond et al. 2013), aerosol researches apply the 

offline methods which can physically isolate the BrC via solvent extraction. 

Traditionally, offline methods involving filter collection and extraction have been used to measure 

the light-absorption properties of BrC. These methods usually collect BrC aerosols over an 

extended period on the filters and then extract BrC aerosols from filters by solvents. The light 

absorption of the extracted BrC can be measured by Ultraviolet-visible (UV-vis) Spectroscopy 

(Phillips and Smith 2017; Chen and Bond 2010; Chen, and Bond 2016). Compared to the PAS 

method, the offline UV-vis method has advantages including simplicity, low price, and 

insensitivity to gaseous absorption and aerosol concentration. However, this method is limited to 

represent the average change in light absorption during a time course, rather than real-time change. 

Moreover, this method suffers from a bias associated with differences in the extraction efficiency 

of different solvents, thus the amount of chromophores present in the solution (Chen and Bond 

2010; Liu et al. 2013). Not all types of BrC can be efficiently extracted in water and organic 

solvents (Corbin et al. 2019). Different types of BrC exhibit variable extraction efficiencies in 

different solvents leading to retrieved light-absorption properties that are solvent-dependent (Chen 

and Bond 2010; Liu et al. 2013; Shetty et al. 2019) 

Traditionally, the most widely used solvent to extract organic aerosol (OA) in atmospheric science 

research is water (Hecobian et al. 2010; Claeys et al. 2012; Zhang et al. 2013). Realizing that a 

significant fraction of OA is not water-soluble, methanol has also been used as a solvent in more 

recent studies (Fuzzi and Decesari 2016; Xie et al. 2017; Xie, Hays, and Holder 2017; Phillips and 
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Smith 2017). Methanol is more effective at extracting OA, which exhibits a wide range of 

polarities (O’Brien et al. 2013; Hunter et al. 2017; Ditto et al. 2018), especially fresh combustion 

emissions (Y. Chen and Bond 2010; Sengupta et al. 2018), which are relatively non-polar. 

Consequently, for the same combustion emissions, k values retrieved for methanol-extracted BrC 

are larger than those for water-extracted BrC (Chen and Bond 2010; Wu et al. 2016). Although 

methanol has a higher OA extraction efficiency than water, its extraction efficiency is still limited, 

which can lead to underestimating OA light-absorption properties since unextracted fraction 

corresponds to the large-molecular-size BrC which have larger light-absorption properties (Saleh 

et al. 2014; Shetty et al. 2019). Thus, it is critical to find a more efficient extraction solvent. 

Although relatively uncommon in atmospheric aerosol studies, dichloromethane (DCM) is 

frequently used as a solvent in combustion soot-formation research due to its efficacy at extracting 

the large-molecular-size polycyclic aromatic hydrocarbons (PAHs) that constitute nascent soot 

(Alfè et al. 2008; Apicella et al. 2007; Faccinetto et al. 2015; Russo et al. 2013), which are 

important BrC components (Saleh et al. 2018; Cheng et al. 2020). BrC absorption (i.e., k) increases 

with increasing molecular size (Saleh et al. 2018) while its solubility decreases with increasing 

molecular size (Corbin et al. 2019). Therefore, offline solvent-extraction techniques are expected 

to underestimate BrC absorption as they miss the large-molecular-size S-BrC (Saleh 2020), which 

is poorly soluble or insoluble in organic solvents (Corbin et al. 2019). This is supported by the 

findings of Shetty et al. (2019) who reported that the extraction efficiency of biomass-burning BrC 

decreased with the increasing of BC/OA ratio, which is correlated with an increase in production 

of S-BrC (Cheng et al. 2019; Saleh 2020; Saleh et al. 2014).  
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1.7. Specific Objectives and Summary of Chapters 

This dissertation aims to fill some of the important knowledge gaps of the optical properties of 

BrC, which will enable better representation of BrC in climate models. The main objectives of this 

dissertation are to 1) design controlled-combustion experiments where combustion conditions 

(relative flowrates of O2, N2, and fuel and combustion temperature) are varied systematically; 2) 

perform measurements to constrain the light-absorption properties of the combustion BrC and 

BrC-BC mixtures at different combustion conditions; 3) investigate the evolution of BrC light-

absorption properties due to nighttime oxidation with NO3; and 4) assess the bias associated with 

quantifying the light-absorption properties BrC using the solvent extraction method. 

The dissertation is organized as follows: 

In Chapter 2, controlled combustion experiments were performed to investigate the dependence of 

optical properties, described as the mass absorption cross-section (MAC) and absorption Ångström 

exponent (AAE), of combustion BrC emissions on combustion conditions. Using benzene and 

toluene as fuels, we obtained a wide range of combustion conditions by varying the combustion 

temperature and relative flowrates of N2, O2, and fuel. MAC and AAE were calculated from multi-

wavelength light-absorption measurements using a photoacoustic spectrophotometer and aerosol 

mass loadings estimated from thermal-optical analysis. Starting with relatively low-temperature 

and fuel-rich combustion conditions and progressively increasing the temperature and/or 

decreasing the equivalence ratio, emissions were generated with progressive change from weakly 

absorbing brown carbon (BrC) (MAC at 532 nm (MAC532) = 0.24 m2 g-1 and AAE = 8.6) to 

strongly absorbing BrC (MAC532 = 2.1 m2 g-1 and AAE = 3.1) to mixtures of black carbon (BC) 

and strongly absorbing BrC (MAC532 = 7.7 m2 g-1 and AAE = 1.5). These findings indicate that 
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combustion conditions are important in dictating the light-absorption properties of the emitted 

aerosols. Furthermore, regardless of fuel type and combustion conditions, the emitted aerosols 

exhibit a unified continuum of light-absorption properties that can be characterized by MAC532 

and AAE pairs. The MAC532 and AAE pairs are well-correlated with the elemental carbon-to-

organic carbon ratio (EC/OC), which is a proxy of combustion conditions, confirming previous 

findings that EC/OC is a practical basis for parameterizing the light-absorption properties of 

combustion BrC. 

In Chapter 3, the evolution of chemical composition and light-absorption properties of BrC due to 

atmospheric nighttime aging of BrC with NO3 was investigated in a collaborative project with 

Aerodyne Research, Inc. We generated BrC from controlled combustion of toluene and oxidized 

it with NO3 in an Aerodyne Potential Aerosol Mass oxidation flow reactor (OFR). 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) the 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. I have performed optical calculations to isolate effect 

(1) and showed that heterogeneous oxidation led to a ~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. 



 

14 

In Chapter 4, we compared the imaginary part of the refractive indices (k) of brown carbon (BrC) 

retrieved using online and offline methods. We generated BrC with variable light-absorption 

properties from the controlled combustion of three structurally different fuels: toluene (aromatic), 

isooctane (branched alkane), and cyclohexane (cyclic alkane). The online retrieval method 

involved combining real-time measurements of aerosol absorption coefficients (at 422 nm, 532 

nm, and 782 nm) and size distributions with Mie calculations. The offline method involved 

extracting BrC samples with two organic solvents, methanol and dichloromethane, followed by 

light-absorption measurements of the extracts using UV-vis spectroscopy. For the least absorbing 

BrC, k values of the extracts in both solvents, retrieved using the offline method, were similar to 

those of the aerosol, retrieved using the online method. However, for darker BrC, k values of the 

BrC extracts in dichloromethane were smaller than those of the BrC aerosol, and k values of the 

BrC extracts in methanol were the smallest, with the discrepancy among the three increasing with 

increasing BrC darkness. These results indicate that BrC produced in this study was more soluble 

in dichloromethane than methanol, and the BrC solubility in both solvents decreased with 

increasing BrC darkness. Finally, k of BrC produced from all fuels, for both BrC aerosol and 

extracts, followed the same trend of decreasing wavelength dependence (flatter absorption spectra) 

with increasing k as previous data, further supporting the brown-black continuum of light-

absorption properties. 

The comprehensive picture produced by this research of 1) the dependence of BrC properties on 

combustion conditions, 2) the evolution of BrC due to oxidation with NO3, and 3) bias associated 

with the solvent extraction method will improve the understanding of BrC and the ability to 

represent its light-absorption effects in climate calculations. 
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Abstract 

We performed controlled combustion experiments to investigate the dependence of the mass 

absorption cross-section (MAC) and absorption Ångström exponent (AAE) of combustion 

carbonaceous aerosol emissions on combustion conditions. Using benzene and toluene as fuels, 

we obtained a wide range of combustion conditions by varying the combustion temperature and 

equivalence ratio. We also used nitrogen as a passive diluent to tune the combustion conditions. 

We calculated MAC and AAE from multi-wavelength light-absorption measurements using a 

photoacoustic spectrophotometer and aerosol mass loadings estimated from thermal-optical 

analysis. Starting with relatively low-temperature and fuel-rich combustion conditions and 

progressively increasing the temperature and/or decreasing the equivalence ratio, we produced 

emissions with progressive change from weakly absorbing brown carbon (BrC) (MAC at 532 nm 

(MAC532) = 0.24 m2/g and AAE = 8.6) to strongly absorbing BrC (MAC532 = 2.1 m2/g and AAE 

= 3.1) to mixtures of black carbon (BC) and strongly absorbing BrC (MAC532 = 7.7 m2/g and AAE 

= 1.5). These findings indicate that combustion conditions are important in dictating the light-

absorption properties of the emitted aerosols. Furthermore, regardless of fuel type and combustion 

conditions, the emitted aerosols exhibit a unified continuum of light-absorption properties that can 

be characterized by MAC532 and AAE pairs. The MAC532 and AAE pairs are well-correlated with 

the elemental carbon-to-organic carbon ratio (EC/OC), which is a proxy of combustion conditions, 

confirming previous findings that EC/OC is a practical basis for parameterizing the light-

absorption properties of combustion carbonaceous aerosols. 
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2.1. Introduction 

Carbonaceous aerosols, including black carbon (BC) and organic aerosol (OA), have significant 

but poorly constrained impacts on the climate (Bond et al. 2013; IPCC 2013). BC absorbs solar 

radiation efficiently (Bond and Bergstrom 2006; Moosmüller et al. 2009) and has been established 

as a leading climate-warming agent, potentially second only to CO2  (Bond et al. 2013; IPCC 2013; 

Jacobson 2001b). The OA interaction with solar radiation and its impact on the climate are more 

complicated than those of BC. OA encompasses organic species with highly diverse chemical 

structures and optical properties. Some OA species absorb solar radiation and are dubbed brown 

carbon (BrC) (Andreae and Gelencsér 2006). Unlike BC which has relatively well-constrained 

light-absorption properties (Bond and Bergstrom 2006), the BrC light-absorption properties 

reported in the literature are highly variable  (e.g. Alexander, Crozier, and Anderson 2008; 

Chakrabarty et al. 2010; Selimovic et al. 2017; Hoffer et al. 2017; Kirchstetter et al. 2004; Saleh 

et al. 2013, 2014; Utry et al. 2013). BrC is less absorbing than BC as manifested in its smaller 

wavelength-dependent mass absorption cross-section (MAC) values. However, MAC of BrC 

exhibits a stronger wavelength dependence, which is usually quantified in terms of the absorption 

Ångström exponent (AAE). AAE for freshly emitted BC is typically close to unity (Bond et al. 

2006; Moosmüller et al. 2011) and can be up to 1.7 when BC is internally mixed with other material 

(Lack and Cappa, 2010), indicating that  BC light absorption is weakly dependent on wavelength 

in the visible spectrum. On the other hand, the BrC AAE values reported in the literature range 

between 2 and 9 (Chakrabarty et al. 2010, 2016; Kirchstetter et al. 2004; Lack and Langridge 2013; 

Sumlin et al. 2018; Sun et al. 2017; Xie, Hays, and Holder 2017; Zhang et al. 2013). The 

considerable variability in BrC light-absorption properties stems from the diversity in its (poorly 

understood) chemical composition (Laskin et al. 2015). 
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Open biomass combustion is the most significant source of BrC (Akagi et al. 2011; Chen and Bond 

2010; Kirchstetter and Thatcher 2012; Saleh et al. 2014). Moreover, BrC has been associated with 

the incomplete combustion of fossil fuels (Du et al. 2014a, 2014b, Olson et al. 2015) as well as 

secondary organic aerosols from biogenic and anthropogenic precursors (Laskin et al. 2015; 

Lambe et al. 2013; Rizzo et al. 2011, 2013; Updyke et al. 2012). In this study, we focus on 

combustion BrC. The light-absorption properties of combustion BrC have been shown to vary with 

combustion conditions (Chen and Bond 2010; Saleh et al. 2014; Martinsson et al. 2015; ). The 

combustion conditions are generally governed by the combustion temperature and equivalence 

ratio (Φ) (Turns 2000), which are challenging to quantify in the real-life uncontrolled combustion 

that usually produces BrC and BC. To overcome this, previous studies have resorted to proxies to 

indirectly characterize the combustion conditions, including the relative abundance of elemental 

carbon (EC) and organic carbon (OC) in the particulate emissions (Vicente et al. 2015; Chen et al. 

2014; Shen et al. 2012; Stockwell et al. 2016; Hong et al. 2017).  Values of EC-to-OC ratio 

(EC/OC) reported in the literature for uncontrolled biomass combustion are highly variable (Olson 

et al. 2015; Roden et al. 2006; Yang et al. 2009; Chen et al. 2014; Bauer et al. 2009; Zhang et al. 

2013; Akagi et al. 2011), underscoring the diversity in combustion conditions. EC/OC (Xie, Hays, 

and Holder 2017; Pokhrel et al. 2016) and BC/OA (Saleh et al. 2014) have been utilized to 

parameterize the optical properties of combustion carbonaceous aerosols. While EC and BC have 

different operational definitions that depend on the measurement method,  they are closely related 

and are often used interchangeably (Watson et al. 2005). 

In this paper, we systematically explore the effect of combustion conditions on the light-absorption 

properties (MAC and AAE) of the emitted carbonaceous aerosols by performing a series of 

combustion experiments controlled at different temperatures and equivalence ratios. We also 
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assess the efficacy of EC/OC in predicting the light-absorption properties of combustion 

carbonaceous aerosols. 

2.2. Methods 

In order to generate carbonaceous aerosols of different light-absorption properties, we performed 

combustion experiments, using benzene and toluene as fuels, controlled at two different 

combustion temperatures and using various equivalence ratios. We used nitrogen as a passive 

diluent to fine tune the combustion conditions, as elaborated in section 2.2.1. We performed online 

measurements of aerosol size distributions and light absorption at each combustion condition. We 

also collected filter samples for offline thermal-optical analysis to determine the elemental carbon-

to-organic carbon ratio (EC/OC) and estimate the aerosol mass loadings. Those were then used to 

calculate MAC and AAE of the aerosol and develop the parameterizations.  

Figure 2.1. Schematic of the experimental setup. 
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2.2.1 Combustion experiments 

The experimental setup is shown in Figure 2.1. We performed controlled-combustion experiments 

in a custom-made quartz combustion chamber (ID 50 mm × H 120 mm) enclosed in two 180° 

semi-cylindrical heating elements (Thermcraft) that could heat the chamber to a maximum 

temperature of 1200 °C. The temperature inside the chamber was measured by a high-temperature 

type-K thermocouple (OMEGA, KMQXL-125E-12) and controlled by a PID controller (OMEGA, 

CNi3244). Fuel was introduced into the combustion chamber by flowing clean air through a 

bubbler containing the fuel, thus saturating the air with fuel. An additional stream of clean air was 

mixed with the fuel-saturated stream to adjust the equivalence ratio. We also added a stream of 

nitrogen to fine-tune the combustion conditions (see below). The flow rates were controlled using 

mass-flow controllers (DAKOTA, 6AGC1AL55-09AB). We diluted the combustion emissions 

with clean air in a custom-made glass dilution chamber (ID 150 mm × H 140 mm) to reduce the 

aerosol concentrations to levels within the detection limits of the real-time instruments. The 

aerosol was conditioned in a home-built diffusion dryer (ID 10cm × L 65 cm) to a relative humidity 

lower than 15%. 

We performed combustion experiments at two temperatures, 950 °C and 1050 °C. At each 

temperature, we varied the equivalence ratio (Φ) defined as: 

𝛷 =  
(𝑛fuel 𝑛O2)⁄

(𝑛fuel 𝑛O2)⁄
st.

          (2.1) 

Where (𝑛fuel 𝑛O2
)⁄  is the fuel-to-oxygen ratio calculated from the relative volumetric flowrates of 

fuel and air and (𝑛fuel 𝑛O2
)⁄

st.
 is the stoichiometric fuel-to-oxygen ratio, which is 0.13 and 0.11 

for benzene and toluene, respectively. The volumetric flow rate of the fuel was calculated as: 
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𝑄fuel =
𝑃sat,fuel

𝑃tot
 𝑄tot          (2.2) 

Where Psat,fuel is the saturation vapor pressure of the fuel, Ptot is the total pressure (1 atm), and Qtot 

is the total volumetric flow rate of fuel and air exiting the bubbler. As confirmed by the calculations 

in the SI, the residence time of a bubble rising in the bubbler (approximately 1 s) is longer than the 

time required to saturate a single bubble (approximately 0.4 s), confirming that the vapor pressure 

of the fuel exiting the bubbler is equal to Psat,fuel. We calculated Psat,fuel using the Antoine equation: 

𝑃sat,fuel = 10𝐴−
𝐵

𝐶+𝑇          (2.3) 

Where T is the temperature (K) inside the bubbler and A, B, and C are component-specific 

constants. A = 4.01814, B = 1203.835, and C = -53.226 for benzene (Willingham et al. 1945) and 

A = 4.23679, B = 1426.48, and C = -45.957 for toluene (Besley and Bottomley 1974). 

Tuning the combustion conditions to achieve specific light-absorption properties (MAC and AAE) 

has proved to be challenging if relying only on manipulating Φ. The reason is that MAC and AAE 

are more sensitive to Φ than the precision at which we can control the relative flow rates of fuel 

and air. To overcome this issue, we used nitrogen as a passive diluent to fine-tune the combustion 

conditions. Adding a passive diluent reduces the reaction intensity of the combustible gases 

(Wagnon and Wooldridge 2014; Li et al. 2015) and thus decreases the combustion efficiency. The 

effect on the combustion products is similar to making the combustion more fuel rich. However, 

MAC and AAE are less sensitive to the change in the flow rate of the added nitrogen than to change 

in the flow rate of the fuel or air (oxygen). Therefore, adjusting the nitrogen flow rate allowed us 

to accurately control the combustion conditions to achieve the desirable MAC and AAE values. 
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With the introduction of nitrogen as a passive diluent, however, the previously defined equivalence 

ratio (Φ) is no longer sufficient to describe the combustion conditions. In other words, two 

combustion experiments can have the same temperature and Φ but different combustion 

efficiencies, and consequently different combustion products, if one of the experiments involves 

adding a passive diluent (see SI Table S2.1). Hence, to present the light-absorption properties as a 

function of combustion conditions, we define a modified equivalence ratio (Φ’) that captures the 

effect of the passive diluent (nitrogen) in decreasing the combustion efficiency. Adding nitrogen 

has a similar effect on the combustion efficiency and the aerosol light-absorption properties as 

reducing oxygen. Therefore, we define Φ’ as: 

𝛷′ =  
 𝑛𝑓𝑢𝑒𝑙 𝑛O2 ℎ𝑦𝑝⁄

(𝑛fuel 𝑛O2)⁄
𝑠𝑡.

 (2.4) 

Where  𝑛𝑓𝑢𝑒𝑙 𝑛O2 ℎ𝑦𝑝⁄  is the fuel-to-oxygen ratio corresponding to a hypothetical oxygen flow rate 

(𝑄O2hyp) that is reduced compared to the actual oxygen flow rate. 

In order for the hypothetical reduction in the oxygen flow rate to capture the effect of the added 

nitrogen, it should be proportional to the added nitrogen flowrate (𝑄N2
). To achieve that, we 

calculate 𝑄O2hyp by scaling the actual oxygen flow rate as follows: 

𝑄O2hyp = (
𝑥′

O2

𝑥O2

) 𝑄O2
          (2.5) 

Where 𝑥O2
 = 0.21 is the mole fraction of oxygen in air, 𝑄O2

 is the actual oxygen flowrate, and 

𝑥′
O2

 is the mole fraction of oxygen in the system containing air and the added nitrogen: 

𝑥′
O2

=  𝑄O2
/(𝑄air + 𝑄N2

)         (2.6) 
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Where 𝑄air is the total air flowrate entering the combustion chamber. Combining equations (2.1) 

and (2.4) – (2.6), we obtain: 

𝛷′ =  𝛷(1 +
𝑄N2

𝑄air
)          (2.7) 

We stress that Φ’ serves as a convenient parameter to qualitatively represent changes in 

combustion conditions when nitrogen is added as a passive diluent (see Figure 2.3) based on our 

observation that adding nitrogen moves the combustion products in the same direction as making 

the combustion more fuel rich. However, we do not imply that adding nitrogen has the same effect 

on combustion chemistry as increasing the fuel-to-oxygen ratio. In other words, for two 

combustion systems A and B (with B involving additional nitrogen as a passive diluent), we do 

not imply that A and B exhibit the same combustion chemistry if Φ A = Φ’B. 

2.2.2. Light-absorption and size-distribution measurements 

At each combustion condition, we measured real-time aerosol absorption coefficients (babs, Mm-1) 

at 422, 532, and 782 nm using a 3-wavelength multi-pass photoacoustic spectrophotometer (Multi-

PAS III) built by Geoffrey Smith’s group (University of Georgia) following the same design as 

Fischer and Smith (2018). This design has the advantage that a single wavelength calibration is 

applicable to all wavelengths (Fischer and Smith 2018). However, we performed our calibrations 

at 422 nm and 532 nm to ensure consistency. The calibration was performed daily with NO2 (1-5 

ppm in N2) using NO2 absorption cross-section values of 5.79×10-19 cm2 /molecule and 1.47×10-

19 cm2 /molecule at 422 nm and 532 nm, respectively (Vandaele 2002). We obtained the instrument 

calibration coefficient as the average of the two calibration coefficients. With the absence of 

reliable NO2 absorption cross-section data at 782 nm, we opted to exclude the 782 nm laser from 
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the calibration process. The Multi-PAS III has a detection limit better than 0.6 Mm-1 (Fischer and 

Smith 2018). This detection limit is much smaller than the absorption coefficients observed in our 

experiments, which were typically larger than 10, 100, and 500 Mm-1 at 782, 532, and 422 nm, 

respectively. 

We measured the aerosol electrical-mobility size distributions within the size range 10-550 nm 

using a Scanning Mobility Particle Sizer (SMPS, TSI). The SMPS includes an Electrostatic 

Classifier (TSI, Model 3082) with a long Differential Mobility Analyzer (DMA, TSI, Model 

3081A00), an Advanced Aerosol Neutralizer (TSI, Model 3088), and a Condensation Particle 

Counter (CPC, TSI, Model 3772). Typical number and mass size distributions of combustion 

particles are shown in Figure 2.2a and Figure 2.2b, respectively. The particle size distributions 

exhibited a strong dependence on the combustion conditions. As shown in Figure 2.2, the particles 

generated in our combustion experiments fall into two general regimes: pure organics (BrC) and 

mixed BrC and BC (BrC+BC). For combustion conditions that produced only BrC, the particles 

were relatively small and exhibited a unimodal size distribution with mass-mode diameters 

typically smaller than 60 nm. On the other hand, combustion conditions that produced BrC+BC 

were characterized by bimodal particle size distributions, with the mass concentration being 

dominated by the larger particles (Figure 2.2b). As the mass distributions of the BrC+BC particles 

were not adequately captured within the SMPS measurement window, we applied lognormal fits 

to obtain the missing part of the distributions (Figure 2.2b).  
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Figure 2.2. Typical SMPS (a) number and (b) mass (assuming a density of 1g/cm3) size 

distributions of combustion particles containing only BrC (brown) and BrC+BC (black). The 

SMPS measurement window does not adequately capture the BrC+BC mass distribution. To 

obtain the missing part of the distributions, we used log-normal fits (dotted magenta line). 

2.2.3. Determining aerosol mass concentrations and elemental-carbon / organic-carbon 

ratios 

For each experiment, we measured the integrated total carbon (TC) mass loading on the filter and 

the elemental carbon-to-organic carbon ratio (EC/OC) using an OC-EC analyzer (Sunset 
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Laboratory Inc, Portland, OR, Model 5L) operated using the IMPROVE-A protocol, which has 

been commonly employed in OC-EC studies (Chow et al. 2001, 2007; Karanasiou et al. 2015; 

Salako et al. 2012). We collected the combustion particles at a flow rate of 6 standard liters per 

minute (SLPM) on 47 mm quartz fiber filters pre-baked at 200 ˚C for 12 hours. The detection limit 

of the OC-EC analyzer specified by the manufacturer is 0.1 μg/cm2. Therefore, we targeted 

loadings on the order of 10 μg /cm2. The active collection area on each quartz fiber filter is 

approximately 11.3 cm2. Hence, the loading corresponds to 113 μg /filter. With typical aerosol 

concentrations of 300 μg /cm3, the sample collection time was approximately 1 hour. As shown in 

SI Figure S2.1, the aerosol light-absorption properties and the particle concentrations (i.e., 

integrated size distributions) were stable during each sampling period to within 5% and 10%, 

respectively. 

We utilized the OC-EC analysis to obtain EC/OC for each experiment, which we used to 

parameterize the light-absorption properties of the aerosol (see section 2.3.3). Estimating EC/OC 

collected on quartz filters is prone to both negative and positive artifacts when the aerosol sample 

contains volatile and semi-volatile organic compounds (VOCs and SVOCs) (Turpin et al. 1994; 

Turpin et al. 2000; Cheng et al. 2010). The negative artifact is caused by evaporation of SVOCs 

collected on the filter during the time between the end of sampling and beginning of the OC-EC 

analysis. To minimize this artifact, we performed the OC-EC analysis immediately after sampling 

(i.e. the filters were not stored before OC-EC analysis). The positive artifact is caused by 

adsorption of VOCs and vapor-phase SVOCs on the quartz filter, which leads to overestimating 

the OC mass. To minimize this artifact, we employed the bare-quartz (BQ) and quartz-behind-

Teflon (QBT) method (Ma et al. 2016; Chen and Bond 2010; Gao et al. 2006; Kirchstetter et al. 

2001; Subramanian et al. 2004). In addition to the main quartz filter (BQ), we added another 
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sampling line with a quartz filter installed downstream of a Teflon filter (QBT). This method 

assumes that the Teflon filter exhibits minimal adsorption of VOCs and vapor-phase SVOCs, and 

those are adsorbed on the QBT filter. Therefore, the particle-phase OC can be estimated as the 

difference between the OC collected on the QB and QBT filters. 

We also used the measured TC to estimate the average aerosol mass loading Cp (µg/m3) during an 

experiment, which we used to calculate MAC (section 2.2.4). This was done using 

𝐶p =  
𝑚𝑇𝐶

𝑡∙𝑄
           (2.8) 

Where mTC is the total mass loading on the filter, Q is the sample collection flow rate, and t is the 

sample collection time.  

Equation (2.8) assumes that the aerosol mass is dominated by carbon (TC). This assumption is 

justified as follows: We have previously shown using laser-desorption ionization mass 

spectrometry that the organic aerosol emitted at similar combustion conditions was dominated by 

molecules with sizes typically larger than 300 Da (and up to several 1000 Da) and with signatures 

indicative of a strong presence of polycyclic aromatic hydrocarbons (PAHs) (Saleh et al. 2018). 

The mass of these large organic molecules is dominated by carbon. 

To validate this calculation of mass loading, we combined the aerosol particle mass loading 

measurements from OC-EC analysis and the volume concentrations obtained from integrating 

SMPS electrical-mobility size distributions (section 2.2.2) to calculate particle effective densities: 

𝜌eff =  
𝐶p

𝑉p
           (2.9) 
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Where Cp is the particle mass loading and Vp is the SMPS integrated volume concentration. 

As described in section 2.2.2, depending on the combustion conditions, the particles were either 

pure organic (BrC) or mixed BrC+BC. The pure BrC particles exhibit compact, near-spherical 

morphologies (Saleh et al. 2018), and, therefore, their effective density calculated using equation 

(2.9) corresponds to the actual material density. We obtained densities between 1.2 and 1.5 g/cm3 

for the pure BrC particles (see SI Table S2.1). These values are in good agreement with the values 

reported in the literature for organic aerosol (Cross et al. 2007; Schmid et al. 2009), thus validating 

our OC-EC method to calculate particle mass loadings.  

The OC-EC method is especially useful for the BrC+BC particles because they exhibit irregular 

morphologies (Saleh et al. 2018) and are expected to be composed of a complex mix of internally 

and externally mixed particles. This makes it challenging to estimate their mass concentration by 

relying on SMPS size distributions with the absence of detailed information on mixing state and 

morphology. To validate the mass-loading calculations for the BrC+BC particles, we combined 

OC-EC mass loadings with integrated SMPS volume concentrations to obtain distribution-average 

shape factors (χ) of the BrC+BC particles and compared them with values reported in the literature 

for BC-containing particles. χ can be calculated as (Sarangi et al. 2016; Rissler et al. 2014; Malloy 

et al. 2009): 

𝜒 =  √
𝜌p

𝜌eff

3
             (2.10) 

Where ρp is the material density of the aerosol and ρeff is the effective density obtained from 

equation (2.9). For the BrC+BC particles, we estimated ρp as the weighted average of BrC (1.3 ± 

0.1 g/cm3, estimated based on the average BrC density from the OC-EC analysis) and BC (1.8 ± 
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0.1 g/cm3) (Bond et al. 2013) assuming that the BC-to-BrC ratio is equal to the EC-to-OC ratio 

obtained from the EC/OC analysis: 

𝜌p = 𝜌BrC
𝑚OC

𝑚TC
+ 𝜌BC

𝑚EC

𝑚TC
         (2.11) 

The χ values we obtained for the BrC+BC particles range between 1.09 and 2.63 (the complete list 

of values is given in SI Table S2.1). This range overlaps with χ values for BC-containing particles 

reported in the literature, with the variability attributed to differences in morphology and mixing 

state (Slowik et al. 2004; Ahern et al. 2016; Slowik et al. 2007). Furthermore, the χ values are well 

correlated with EC/OC (SI Figure S2.2). This correlation is expected because the increase in 

EC/OC is associated with deviation from sphericity (χ = 1) and is in qualitative agreement with 

previous reports (Slowik et al. 2007; Qiu et al. 2012; Zhang et al. 2016; Ahern et al. 2016; 

Schnitzler et al. 2014). 

2.4. Light-absorption properties calculations 

We quantified the light-absorption properties using the wavelength-dependent mass-absorption 

cross-section (MAC, m2/g). MAC follows an approximate power-low wavelength dependence and 

can, therefore, be represented using two parameters: MAC at a particular wavelength (λ), which 

we choose to be 532 nm (the mid-wavelength of the Multi-PAS III), and the absorption Ångström 

exponent (AAE): 

MAC =  MAC532 (
532

𝜆
)AAE          (2.12) 

It is important to note that MAC and AAE depend on particle size and morphology (Lack and 

Cappa 2010; Bond et al. 2006; Soewono and Rogak 2013; Poudel et al. 2017) and are thus not true 
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intensive properties. However, they are commonly employed because they can be readily 

calculated from light-absorption measurements. On the other hand, retrieving refractive indices, 

which are the fundamental optical properties, requires involved optical calculations. The retrieval 

process is especially challenging for non-spherical particles, where the commonly used Mie 

calculations are not suitable, and the optical calculations require detailed knowledge of the 

morphology (Adachi, Chung, and Buseck 2010; Lack and Cappa 2010; Bond and Bergstrom 2006; 

Moosmüller, Chakrabarty, and Arnott 2009; Sorensen 2001). With the absence of morphology 

information for the mixed BrC+BC particles in this study, we elected to represent the light-

absorption properties using MAC and AAE. For each experiment (i.e. combustion condition), we 

calculated MAC at 422, 532, and 782 nm as: 

MAC =
𝑏abs

𝐶p
           (2.13) 

Where babs is the experiment-mean absorption coefficient measured using the Multi-PAS III 

(section 2.2.2), and Cp is the mean particle mass loading obtained from OC-EC measurements 

(section 2.2.3).  

The AAE for each experiment was obtained by fitting a power-law function to the wavelength-

dependent MAC (equation 2.12) measured at the three wavelengths (422, 532, and 782 nm). 

Therefore, the AAE obtained here is an effective AAE that represents the wavelength dependence 

of measured aerosol absorption over the visible spectrum. 
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2.3. Results and discussion 

2.3.1. The dependence of aerosol light-absorption properties on combustion conditions 

The obtained dependence of MAC at 532 nm (MAC532) and AAE on combustion conditions is 

summarized in Figures 2.3a and 2.3b, respectively. In each panel, we show the results for toluene 

and benzene combustion at temperatures of 950 °C and 1050 °C.  As described in section 2.2.2, 

depending on the combustion conditions, the emitted particles fall into two general regimes: pure 

BrC and mixed BrC+BC. To visually distinguish between the two regimes, we added a grey 

background shading to the BrC+BC region in Figure 2.3. For both fuels and combustion 

temperatures, the MAC532 and AAE values show similar trends as a function of Φ’. Starting with 

largest Φ’, the particles have small MAC532 (as small as 0.24 m2/g) and large AAE (as large as 

8.6) values, which are similar to values frequently observed for weakly absorbing BrC in 

smoldering-biomass emissions (Chakrabarty et al. 2010; Chen and Bond 2010; Chakrabarty et al. 

2016; Li et al. 2016). As Φ’ decreases, MAC532 increases and AAE decreases, which is indicative 

of darker BrC. The MAC532 (2.09 m2/g) and AAE (3.1) values for the darkest BrC in this study are 

similar to those observed for dark biomass-burning BrC  (Saleh et al. 2014; Kirchstetter et al. 2004) 

and tar balls (Hoffer et al. 2016, 2017). As expected, the BrC+BC particles exhibit larger MAC532 

and smaller AAE values, and as the BC content increases (see section 2.3.3), they converge to the 

values frequently reported for BC (MAC532 = 7-8 m2/g and AAE close to unity) (Bond and 

Bergstrom 2006). 

Even though the trends of MAC532 and AAE versus Φ’ are similar, the values are dependent on 

fuel type and combustion temperature. To investigate this dependence, it is helpful to qualitatively 

define combustion efficiency as the level of completeness of the combustion reaction. This 
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definition is consistent with the definition of the “modified combustion efficiency,” quantified as 

the ratio of CO to CO2 in the emissions, which has been previously employed to characterize 

combustion conditions (Selimovic et al. 2017; Xie et al. 2017; Akagi et al. 2011; Aurell et al. 2015; 

Sun et al. 2018). The combustion efficiency is governed by fuel type, combustion temperature, 

and Φ’. Specifically, for a certain fuel, the combustion efficiency increases with increasing 

temperature and/or decreasing Φ’. If the BC-formation threshold is located in the combustion-

efficiency space, reducing the combustion efficiency below this point produces pure BrC particles, 

which are the organic precursors of BC (Saleh et al. 2018). The darkness of these BrC particles 

varies proportionally with combustion efficiency (Saleh et al. 2018). This behavior is evident in 

Figure 2.3 for the pure BrC particles. For both benzene and toluene combustion, the emitted BrC 

is darker (larger MAC532 and smaller AAE) for decreasing Φ’ at a constant combustion 

temperature or increasing combustion temperature at a constant Φ’. 

Figure 2.3 also reveals a dependence of combustion efficiency on fuel type. In the pure BrC 

regime, benzene combustion emitted darker BrC than toluene combustion for the same combustion 

temperature and Φ’. It is important to note that this result does not indicate that benzene and 

toluene emit different types of BrC but rather that benzene combustion progresses more efficiently 

towards the BC-formation threshold than toluene combustion. Put in other words, both benzene 

and toluene produce the same BrC continuum, but for the same combustion temperature and Φ’, 

benzene produces BrC that is further along the continuum (more mature) than toluene. This 

assertion is further discussed in section 2.3.2. 

It is important to note that approaching the BC-formation threshold (shaded regions in Figure 2.3a 

and 2.3b) marks a convergence in MAC532 and AAE for both fuels and combustion temperatures. 
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The reason is that BC is the end product to which the soot-formation process converges, which 

leads to its relatively uniform, fuel-independent and temperature-independent light-absorption 

properties.  

 

Figure 2.3. The dependence of light-absorption properties of the carbonaceous aerosols emitted 

from benzene and toluene combustion on the modified equivalence ratio (Φ’ – see derivation in 

section 2.2.1) for combustion temperatures of 950 °C and 1050°C. The shaded regions correspond 

to combustion conditions that produced mixed BrC+BC particles, and the non-shaded regions 

correspond to conditions that produced pure BrC particles. a) The mass absorption cross-section 
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at 532 nm (MAC532). b) The absorption Ånsgström exponent (AAE). Error bars represent 

measurement uncertainty (see uncertainty analysis in SI). The MAC532 reported here is calculated 

based on the correction for adsorbed VOCs as described in section 2.2.2. For reference, a similar 

plot is presented in SI Figure S2.3 without correcting for the adsorbed VOCs. 

2.3.2. The continuum of light-absorption properties 

As shown in Figure 2.4, the data points from all the combustion experiments in Figure 2.3 collapse 

on the same continuum when their histories (fuel and combustion conditions) are ignored and are 

instead presented in AAE versus MAC532 space. This result supports our assertion in section 2.3.1 

that the dependence of the light-absorption properties on fuel type, combustion temperature, and 

Φ’ observed in Figure 2.3 is not a manifestation of diversity in formation pathways. It rather 

indicates that combinations of fuel type, combustion temperature, and Φ’ dictate how far the soot-

formation process progresses along the same continuum. We stress that for the four fuel-

type/combustion-temperature combinations in this study (benzene at 1050 °C, benzene at 950 °C, 

toluene at 1050 °C, and toluene at 950 °C), we could vary Φ’ to produce wide and overlapping 

portions of the continuum that spanned weakly absorbing BrC to highly absorbing BrC to mixtures 

of BC and highly absorbing BrC (Figure 2.4). However, combustion temperature can be a limiting 

factor. For instance, regardless of fuel type and Φ’, low combustion temperatures would potentially 

produce only BrC in the weakly absorbing part of the continuum. 

We have previously introduced the continuum of light-absorption properties of combustion 

carbonaceous aerosol produced through the soot-formation route, the brown-black continuum, in 

Saleh et al. (2018). In that study, we presented experimental evidence of this continuum for BrC 

and posited that the continuum extended into the BC regime. Here, we present experimental 
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evidence that it indeed applies to both the BrC and BC regimes. As shown in Figure 2.4, the same 

trend set by the MAC532-AAE pairs upon progression from light to dark BrC continues beyond the 

BC-formation threshold. This implies that in practice, the light-absorption properties of 

combustion carbonaceous aerosol produced via the soot-formation route, which includes both BrC 

and BC, as well as their mixtures, can be parameterized within a unified framework.  

For completeness, we reproduced Figure 2.4 but for AAE between 532 nm and 422 nm (AAE532-

422) and between 782 nm and 532 nm (AAE782-532). Figure S2.5 in the SI shows the effective AAE 

over the visible spectrum (i.e. what we simply refer to as AAE in this paper) versus AAE532-422 and 

AAE782-532. As expected, AAE782-532 < AAE < AAE532-422. The reason is that each sample is 

composed of components with varying light-absorption properties, and the darker components 

(large MAC, small AAE) dominate the absorption in the long-visible range while the contribution 

of the lighter components (small MAC, large AAE) to absorption increases in the short-visible 

range. As shown in Figure S2.6, while there are differences in the values of effective AAE, AAE532-

422, and AAE782-532, they all exhibit the same exponential decay trend as a function of MAC. 

To close this section, a discussion of the potential universality of the brown-black continuum 

(Figure 2.4) is in order. Theoretical and experimental investigations suggest that the soot-

formation route, which involves sequential organization of aromatic rings into large PAHs 

(Michelsen 2017), is expected to be fairly fuel-independent (Lautenberger et al. 2005; Johansson 

et al. 2018). Therefore, we expect that the light-absorption properties of the components along this 

route, i.e. the brown-black continuum, to also be fuel-independent. In this study, we present 

evidence of fuel independence by showing that benzene and toluene combustion produce the same 

brown-black continuum (Figure 2.4). However, more structurally diverse and complex fuels (e.g. 
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solid fuels) need to be investigated in order to scrutinize the universality of the brown-black 

continuum. Furthermore, the brown-black continuum applies for carbonaceous particles produced 

through the soot-formation route. However, different classes of BrC have been observed in 

combustion emissions, especially biomass combustion, including nitroaromatic compounds 

(Budisulistiorini et al. 2017; Zhang et al. 2013; Iinuma et al. 2010; Lin et al. 2016; Claeys et al. 

2012), charge transfer complexes (Phillips and Smith 2014, 2015), and tar balls (Hoffer et al. 2017; 

Chakrabarty et al. 2010; Alexander et al. 2008). An understanding of the relative contributions of 

the different classes to the total BrC budget is still lacking (Laskin et al. 2015), and it remains to 

be seen whether the light-absorption properties of these types of BrC fall on the same continuum 

as the BrC produced in this study through the soot-formation route. 

 

Figure 2.4. The mass absorption cross-section at 532 nm (MAC532) versus the absorption 

Ånsgström exponent (AAE) for all the data points in Figure 2.3. The shaded region corresponds 

to mixed BrC+BC particles, and the non-shaded region corresponds to pure BrC particles. The 

dotted magenta line is an exponential-decay fit (AAE = (8.17±0.58) exp[(-0.67±0.09) MAC532] +1, 

R2=0.9709). The dotted black line is a power-law fit (AAE = (4.37±0.22) MAC532
-0.48±0.04, 
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R2=0.9686). Error bars represent measurement uncertainty (see uncertainty analysis in SI). The 

MAC532 reported here is calculated based on the correction for adsorbed VOCs as described in 

section 2.2.2. For reference, a similar plot is presented in SI Figure S2.4 without the adsorbed 

VOCs correction. 

2.3.3. Parameterizing the light-absorption properties as a function of EC/OC 

The ratio of elemental carbon to organic carbon (EC/OC) in combustion emissions can be readily 

calculated from emissions inventories (Petzold et al. 2013; Chow et al. 2012; Caserini et al. 2013; 

Bond et al. 2004). This makes EC/OC an attractive proxy of combustion conditions for 

parameterizing aerosol optical properties obtained from laboratory and field measurements for use 

in large-scale climate calculations. Figure 2.5 shows EC/OC, determined as described in section 

2.2.3, versus Φ’ for all combustion experiments. For each fuel, EC/OC increases with increasing 

combustion efficiency (increasing temperature and/or decreasing Φ’), confirming that EC/OC is a 

good indicator of combustion conditions. 

EC/OC and the closely related BC/OA have been previously shown to correlate with the 

carbonaceous aerosol light-absorption properties (Saleh et al. 2014; Xie et al. 2017; Pokhrel et al. 

2016). More specifically, the carbonaceous aerosol becomes darker with increasing EC/OC. 

Differentiating between two aspects of this correlation is important. The first aspect is that the 

increase in carbonaceous aerosol darkness with EC/OC is partly attributed to the fractional increase 

of the highly absorptive EC (or BC) in the aerosol. The second aspect is that as the EC/OC (or 

BC/OA) increases, the organics aerosol (or BrC) becomes darker as shown by Saleh et al. (2014). 

This is consistent with the brown-black continuum (Saleh et al. 2018) because the more conducive 
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the combustion conditions are to forming BC, the more skewed the BrC components are to the 

darker end of the continuum. 

Our controlled-combustion experiments enable us to distinguish the dark BrC from BC and show 

that the light-absorption properties of BrC and BC can be combined in a unified parameterization. 

To do that, we exploited a measurement artifact of the thermal-optical method used to determine 

EC/OC. Specifically, a fraction of OC is usually pyrolyzed during the step-increase in temperature 

in the OC-analysis stage (Bauer et al. 2009; Chow et al. 2001; Jeong et al. 2004). This is manifested 

as an increase in attenuation of a 633 nm laser, which is continuously monitored during the 

analysis. The pyrolyzed OC is quantified as the amount of carbon measured after the introduction 

of O2 (i.e. during the EC-analysis stage) until reflectance returns to its initial value at the beginning 

of the OC analysis phase ( Karanasiou et al. 2015; Chow et al. 2007; Chow et al. 2004; Chow et 

al. 2001). An implicit assumption in the pyrolyzed-OC correction process is that only EC absorbs 

at 633 nm. Therefore, OC (or BrC) that absorbs appreciably at 633 nm is inaccurately registered 

as EC, and for the same amount of BrC, the registered amount of “artificial EC” increases with 

increasing BrC darkness. As shown in Figure 2.6, for the pure BrC particles in our experiments, 

MAC532 and AAE are well correlated with the artificial EC/OC. The correlation extends into the 

BC-formation regime (i.e., when the registered EC includes “true EC”), where MAC532 increases 

and AAE decreases due to the formation of both BC and highly absorptive BrC. 
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Figure 2.5. Elemental carbon-to-organic-carbon ratio (EC/OC) versus modified equivalence ratio 

(Φ’) for all experiments. The shaded region corresponds to mixed BrC+BC particles, and the non-

shaded region corresponds to pure BrC particles. Error bars represent measurement uncertainty 

(see uncertainty analysis in SI). The EC/OC reported here is corrected for adsorbed VOCs as 

described in section 2.2.2. For reference, a similar plot is presented in SI Figure S2.7 with 

uncorrected EC/OC. 
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Figure 2.6. Parameterizing the light-absorption properties of combustion carbonaceous aerosols 

as a function of EC/OC. The shaded regions correspond to mixed BrC+BC particles and the non-

shaded regions correspond to pure BrC particles. The EC/OC reported here is corrected for 

adsorbed VOCs as described in section 2.2.2. For reference, a similar plot is presented in SI Figure 

S2.8 with uncorrected EC/OC. a) Mass absorption cross-section at 532 nm (MAC532) versus 

EC/OC. The dotted magenta line is a fit with the equation: MAC532 = (1.04±0.20) log(EC/OC) + 

(4.13±0.52), R2 = 0.8431. b) Absorption Ångström exponent (AAE) versus EC/OC. The dotted 

magenta line is a fit with the equation: AAE = (1.21±0.14) EC/OC-0.4155±0.03 +1, R2 = 0.9850. Error 

bars represent measurement uncertainty (see uncertainty analysis in SI).   
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2.4. Conclusions 

By performing controlled-combustion experiments that span both pure BrC as well as mixed 

BrC+BC formation regimes, we show that the light-absorption properties in both regimes follow 

the brown-black continuum introduced by Saleh et al. (2018). At the same combustion conditions, 

the two fuels used in this study (benzene and toluene) produce BrC with different optical 

properties, with benzene consistently producing darker BrC. However, this difference is not a 

manifestation of differences in formation pathways but is rather an indication that the soot-

formation process in benzene combustion progresses more efficiently than in toluene combustion. 

When presented in optical-properties space, the BrC and BC produced by both fuels fall on the 

same brown-black continuum characterized by pairs of increasing MAC at 532 nm (MAC532) and 

decreasing AAE. 

For both the pure BrC and mixed BrC+BC regimes, MAC532 increases and AAE decreases with 

increasing EC/OC, which is an indicator of combustion efficiency. Systematically traversing the 

two regimes using controlled-combustion experiments shows that this correlation is due to both 

the formation of progressively darker BrC as well as the increase in BC fraction with increasing 

combustion efficiency. This finding provides a fundamental basis for previous reports on the 

observed dependence of light-absorption properties on EC/OC. It also suggests that a unified 

framework can potentially be implemented to parameterize the light-absorption properties of 

carbonaceous aerosols produced through the soot-formation route in both the pure-organic (e.g., 

smoldering) and BC-forming (e.g., flaming) combustion regimes. 
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Abstract 

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 from the combustion of toluene 

containing a complex mixture of light-absorbing PAHs 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 NO3-induced 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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3.1. 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; Jo et al. 2016; Hammer et al. 2016; Wang et al. 2014; Brown 

et al. 2018; Feng et al. 2013; Wang et al. 2018). 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 
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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; 

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, He, Schade et al. 2019; Adler et al. 2019) and 

oxygenated and nitrated aromatics ( Li, He, Schade et al. 2019; 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, He, Hettiyadura et al. 2019; Li, He, Schade et al. 

2019). 

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 
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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, He, Hettiyadura et al. 2019; Li, He, Schade 

et al. 2019; 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 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, He, Hettiyadura et al. 2019; Li, He, Schade et al. 2019; 

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 
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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.  

3.2. Methods 

As shown in Figure 3.1, 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 that enabled characterization 

of the chemical composition and light-absorption properties of the OFR effluent. Each of the 

components is described in the subsequent sections. 
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Figure 3.1: Schematic of the experimental setup for generating unoxidized and oxidized (with 

NO3) BrC 

3.2.1. 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 - 0.17 LPM) 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 3.2.3. 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, 
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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.  

3.2.2. NO3 generation and oxidative aging of the BrC 

As shown in Figure 3.1, 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 
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12-hour average ambient NO3 mixing ratio of 20 ppt (Atkinson 1991) and negligible daytime NO3 

concentration. The calculations are shown in the SI. 

3.2.3. 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 S3.1, 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 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 
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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          (3.1) 

MAC =  MAC532 (
532

𝜆
)AAE         (3.2) 

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

power-law function to equation 3.2. 

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 3.2.1).  

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 with a value between 1.6 and 1.7, which are typical values observed for 

BrC (Saleh et al. 2014; Li, He, Hettiyadura et al. 2019; Li, He, Schade et al. 2019). The imaginary 

part of the refractive indices at each wavelength (k473, k532, k671) were fitting parameters. We then 
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calculated the wavelength dependence (w) as the exponent of a power-law fit of the retrieved k473, 

k532, k671 versus wavelength. 

3.2.4. 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 long high-resolution (resolving power up to ~ 8,000 m/m) time-of-flight mass 

spectrometer (L-ToF-AMS). 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 high resolution 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 
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(NO2
+) were associated with PAH + NO3 oxidation products (details in Section 3.3.2.1) and 

therefore were classified as organics in the software.  

3.3. Results and Discussion 

3.3.1. 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 Figures 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 3.2a with the 

values of unoxidized BrC above, and they are also given in Table S3.1 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 decrease in w of approximately 50% (Figure 3.2b). 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, 
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which is an indication of the addition of chromophores that are, on average, relatively lighter than 

the parent PAHs. In Section 3.3.2, 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. 

 

Figure 3.2: (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 
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(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 S3.1. 

3.3.2. Evolution of aerosol chemical composition  

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

As described in Section 3.2.4, 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 3.3 compares the normalized 

AMS (Figure 3.3a) and SP-AMS (Figure 3.3b) 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 

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 
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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 S3.1, 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 3.3. 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 
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approximately a factor of 20 larger than the SP-AMS (Table S3.1). 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 AMS (Table S3.1). In addition to the large-molecular-size 

organic species shown in Figure 3.3, 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 3.3.1 and Figure 3.2), 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 S3.1). 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 3.4 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. 
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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 3.3.2.3. 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. 

3.3.2.2. 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 3.5. 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 3.4), 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 3.4. (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). 
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Figure 3.5: 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). 

3.3.2.3. SOA formation versus heterogeneous oxidation 

The combustion emissions were passed through an activated carbon denuder (Figure 3.1) 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 S3.2). 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 
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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 3.3.3, 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 

3.2). 

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 
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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 3.6 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 a function of C# for all assumed cases. 

On the other hand, the contribution of heterogeneous oxidation to dark BrC was more sensitive to 
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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.  

3.3.3. The competing effects of SOA formation and heterogeneous oxidation on the evolution 

of light-absorption properties 

As described in Section 3.3.1 and shown in Figure 3.2, 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. 
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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        (3.3) 

Where ySOA and yhet are the corresponding mass fractions obtained from the mass balance 

(Section 3.2.3). 

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 3.7). 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 
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the mid- and long-visible wavelengths (Figure 3.2 and Figure 3.7). 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 3.7).  

With the absence of knowledge of actual kSOA values, the calculations presented in Figure 3.7 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, He, Hettiyadura et al. (2019). 

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, He, Hettiyadura et al. 

(2019) 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, or 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. 
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Figure 3.6. 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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Figure 3.7. 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 3.3. They 

reflect the assumed range of kSOA as well as the uncertainty in koxidized and kunoxidized (Table S3.1). 

The diamonds represent koxidized / kunoxidized (the same as in Figure 3.2), 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 

3.3.4. Atmospheric implications 

Our results suggest that light absorption by BrC is enhanced following NO3-induced heterogenous 

oxidation, 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 
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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 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. 

3.4. 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 
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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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Li, C., Q. He, A. P. S. Hettiyadura, U. Käfer, G. Shmul, D. Meidan, R. Zimmermann, et al. 2019. 

Formation of Secondary Brown Carbon in Biomass Burning Aerosol Proxies through NO3 

Radical Reactions. Environ. Sci. Technol. 54 (3): 1395−1405. 

doi.org/10.1021/acs.est.9b05641. 

Li, C., Q. He, J. Schade, J. Passig, R. Zimmermann, D. Meidan, A. Laskin, and Y. Rudich. 2019. 

Dynamic Changes in Optical and Chemical Properties of Tar Ball Aerosols by Atmospheric 

Photochemical Aging. Atmos. Chem. Phys. 19: 139–63. 

Lin, P., P. K. Aiona, Y. Li, M. Shiraiwa, J. Laskin, S. A. Nizkorodov, and A. Laskin. 2016. 

Molecular Characterization of Brown Carbon in Biomass Burning Aerosol Particles. Environ. 

Sci. Technol. 50 (21): 11815–24. doi.org/10.1021/acs.est.6b03024. 

Lin, P., N. Bluvshtein, Y. Rudich, S. A. Nizkorodov, J. Laskin, and A. Laskin. 2017. Molecular 

Chemistry of Atmospheric Brown Carbon Inferred from a Nationwide Biomass Burning 

Event. Environ. Sci. Technol. 51: 11561–70. doi.org/10.1021/acs.est.7b02276. 

Liu, C., P. Zhang, B. Yang, Y. Wang, and J. Shu. 2012. Kinetic Studies of Heterogeneous 



 

122 

Reactions of Polycyclic Aromatic Hydrocarbon Aerosols with NO3 Radicals. Environ. Sci. 

Technol. 46 (3): 7575−7580. doi.org/10.1021/es301403d. 

Liu, D., T. Lin, J. Hussain, C. Zhineng, Y. Xu, K. Li, and Z. Gan. 2017. Concentration, Source 

Identification, and Exposure Risk Assessment of PM2.5-Bound Parent PAHs and Nitro-

PAHs in Atmosphere from Typical Chinese Cities. Scientific Reports 7: 10398. 

doi.org/10.1038/s41598-017-10623-4. 

Lu, J. W., J. M. Flores, A. Lavi, A. Abo-riziq, and Y. Rudich. 2011. Changes in the Optical 

Properties of Benzo[a]Pyrene-Coated Aerosols upon Heterogeneous Reactions with NO2 and 

NO3. Phys. Chem. Chem. Phys 13: 6484–92. doi.org/10.1039/c0cp02114h. 

Mak, J., S. Gross, and A. K. Bertram. 2007. Uptake of NO3 on Soot and Pyrene Surfaces. Geophys. 

Res. Lett. 34: L10804. doi.org/10.1029/2007GL029756. 

Malloy, Q. G. J., S. Nakao, L. Qi, R. Austin, C. Stothers, H. Hagino, and D. R. Cocker. 2009. Real-

Time Aerosol Density Determination Utilizing a Modified Scanning Mobility Particle Sizer 

Aerosol Particle Mass Analyzer System. Aerosol Science and Technology 43 (7): 673–78. 

doi.org/10.1080/02786820902832960. 

Michelsen, H. A. 2017. Probing Soot Formation, Chemical and Physical Evolution, and Oxidation: 

A Review of in Situ Diagnostic Techniques and Needs. Proceedings of the Combustion 

Institute 36 (1): 717–35. doi.org/10.1016/j.proci.2016.08.027. 

Moise, T., J. M. Flores, and Y. Rudich. 2015. Optical prop- erties of secondary organic aerosols 

and their changes by chemical processes. Chem. Rev. 115:4400–39. doi:10.1021/ cr5005259. 



 

123 

Mukai, H., and Y. Ambe. 1986. Characterization of a Humic Acid-like Brown Substance in 

Airborne Particulate Matter and Tentative Identification of Its Origin. Atmospheric 

Environment 20 (5): 813–19. 

Nakayama, T., K. Sato, Y. Matsumi, T. Imamura, A. Yamazaki, and A. Uchiyama. 2013. 

Wavelength and NOx Dependent Complex Refractive Index of SOAs Generated from the 

Photooxidation of Toluene. Atmos. Chem. Phys. 13: 531–45. doi.org/10.5194/acp-13-531-

2013. 

Olson, M. R., M. V. Garcia, M. A. Robinson, P. Van Rooy, M. A. Dietenberger, M. Bergin, and 

J. J. Schauer. 2015. Investigation of Black and Brown Carbon Multiple-Wavelength- 

Dependent Light Absorption from Biomass and Fossil Fuel Combustion Source Emissions. 

J. Geophys. Res. Atmos 120: 6682–97. doi.org/10.1002/2014JD022970.Received. 

Onasch, T. B., E. C. Fortner, A. M. Trimborn, A. T. Lambe, A. J. Tiwari, L. C. Marr, J. C. Corbin, 

et al. 2015. Investigations of SP-AMS Carbon Ion Distributions as a Function of Refractory 

Black Carbon Particle Type Investigations of SP-AMS Carbon Ion Distributions as a 

Function of Refractory Black Carbon Particle Type. Aerosol Science and Technology 49 (6): 

409–22. doi.org/10.1080/02786826.2015.1039959. 

Onasch, T. B., A. Trimborn, E. C. Fortner, J. T. Jayne, G. L. Kok, L. R. Williams, P. Davidovits, 

and D. R. Worsnop. 2012. Soot Particle Aerosol Mass Spectrometer: Development, 

Validation, and Initial Application. Aerosol Science and Technology 46:7: 804–17. 

doi.org/10.1080/02786826.2012.663948. 

Phillips, S. M., and G. D. Smith. 2014. Light Absorption by Charge Transfer Complexes in Brown 



 

124 

Carbon Aerosols. Environ. Sci. Technol. Lett. 1 (10): 382–86. doi.org/10.1021/ez500263j. 

Posfai, M., A. Gelencser, R. Simonics, K. Arato, J. Li, P. V. Hobbs, and P. R. Buseck. 2004. 

Atmospheric Tar Balls: Particles from Biomass and Biofuel Burning. J. Geophys. Res. 109: 

D06213. doi.org/10.1029/2003JD004169. 

Saleh, R., Z. Cheng, and K. Atwi. 2018. The Brown–Black Continuum of Light-Absorbing 

Combustion Aerosols. Rapid-communication. Environ. Sci. Technol. Lett. 5: 508–13. 

doi.org/10.1021/acs.estlett.8b00305. 

Saleh, R., M. Marks, J. Heo, P. J. Adams, N. M. Donahue, and A. L. Robinson. 2015. Contribution 

of Brown Carbon and Lensing to the Direct Radiative Effect of Carbonaceous Aerosols from 

Biomass and Biofuel Burning Emissions. J. Geophys. Res. Atmos 120 (10): 10,285–10,296. 

doi.org/10.1002/ 2015JD023697. 

Saleh, R., E. S. Robinson, D. S. Tkacik, A. T. Ahern, S. Liu, A. C. Aiken, R. C. Sullivan, et al. 

2014. Brownness of Organics in Aerosols from Biomass Burning Linked to Their Black 

Carbon Content. Nature Geoscience 7 (9): 647–50. doi.org/10.1038/ngeo2220. 

Sarkar, C., C. Venkataraman, S. Yadav, and H. C. Phuleria. 2019. Origin and Properties of Soluble 

Brown Carbon in Freshly Emitted and Aged Ambient Aerosols over an Urban Site in India. 

Environmental Pollution 254: 113077. doi.org/10.1016/j.envpol.2019.113077. 

Sasaki, J., S. M. Aschmann, E. S. C. Kwok, R. Atkinson, and J. Arey. 1997. Products of the Gas-

Phase OH and NO3 Radical-Initiated Reactions of Naphthalene. Environ. Sci. Technol. 31 

(3): 3173–79. doi.org/10.1021/es9701523. 



 

125 

Satish, R., P. Shamjad, N. Thamban, S. Tripathi, and N. Rastogi. 2017. Temporal Characteristics 

of Brown Carbon over the Central Indo- Gangetic Plain. Environ. Sci. Technol. 51: 

6765−6772. doi.org/10.1021/acs.est.7b00734. 

Sedlacek III, A. J., P. R. Buseck, K. Adachi, T. B. Onasch, S. R. Springston, and L. Kleinman. 

2018. Formation and Evolution of Tar Balls from Northwestern US Wildfires. Atmos. Chem. 

Phys. 18: 11289–301. 

Shen, G., S. Tao, S. Wei, Y. Zhang, R. Wang, B. Wang, W. Li, et al. 2012. Emissions of Parent, 

Nitro, and Oxygenated Polycyclic Aromatic Hydrocarbons from Residential Wood 

Combustion in Rural China. Environ. Sci. Technol. 46: 8123−8130. 

doi.org/10.1021/es301146v. 

Sumlin, B. J., A. Pandey, M. J. Walker, R. S. Pattison, B. J. Williams, and R. K. Chakrabarty. 

2017. Atmospheric Photooxidation Diminishes Light Absorption by Primary Brown Carbon 

Aerosol from Biomass Burning. Environ. Sci. Technol. Lett 4: 540−545. 

doi.org/10.1021/acs.estlett.7b00393. 

Tóth, A., A. Hoffer, I. Nyiro-Kósa, M. Pósfai, and A. Gelencsér. 2014. Atmospheric Tar Balls: 

Aged Primary Droplets from Biomass Burning? Atmos. Chem. Phys. 14 (13): 6669–75. 

doi.org/10.5194/acp-14-6669-2014. 

Utry, N., T. Ajtai,  ágnes Filep, M. Dániel Pintér, A. Hoffer, Z. Bozoki, and G. Szabó. 2013. Mass 

Specific Optical Absorption Coefficient of HULIS Aerosol Measured by a Four-Wavelength 

Photoacoustic Spectrometer at NIR, VIS and UV Wavelengths. Atmospheric Environment 

69: 321–24. doi.org/10.1016/j.atmosenv.2013.01.003. 



 

126 

Wang, L., Z. Li, Q. Tian, Y. Ma, F. Zhang, Y. Zhang, D. Li, K. Li, and L. Li. 2013. Estimate of 

Aerosol Absorbing Components of Black Carbon, Brown Carbon, and Dust from Ground-

Based Remote Sensing Data of Sun-Sky Radiometers. J. Geophys. Res. 118 (12): 6534–43. 

doi.org/10.1002/jgrd.50356. 

Wang, X., C. L. Heald, D. A. Ridley, J. P. Schwarz, J. R. Spackman, A. E. Perring, H. Coe, and 

D. Liu. 2014. Exploiting Simultaneous Observational Constraints on Mass and Absorption to 

Estimate the Global Direct Radiative Forcing of Black Carbon and Brown Carbon. Atmos. 

Chem. Phys. 14: 10989–10. doi.org/10.5194/acp-14-10989-2014. 

Wang, X., C. L. Heald, A. J. Sedlacek, S. S. De Sá, S. T. Martin, M. L. Alexander, T. B. Watson, 

A. C. Aiken, S. R. Springston, and P. Artaxo. 2016. Deriving Brown Carbon from 

Multiwavelength Absorption Measurements: Method and Application to AERONET and 

Aethalometer Observations. Atmos. Chem. Phys. 16: 12733–52. doi.org/10.5194/acp-16-

12733-2016. 

Wang, Y., P. L. Ma, J. Peng, R. Zhang, J. H. Jiang, R. C. Easter, and Y. L. Yung. 2018. 

Constraining Aging Processes of Black Carbon in the Community Atmosphere Model Using 

Environmental Chamber Measurements. Journal of Advances in Modeling Earth Systems 10 

(10): 2514–26. doi.org/10.1029/2018MS001387. 

Wang, Y., M. Hu, P. Lin, T. Tan, M. Li, N. Xu, J. Zheng, et al. 2019. Enhancement in Particulate 

Organic Nitrogen and Light Absorption of Humic-Like Substances over Tibetan Plateau Due 

to Long-Range Transported Biomass Burning Emissions. Research-article. Environ. Sci. 

Technol. 53: 14222–32. doi.org/10.1021/acs.est.9b06152. 



 

127 

Wong, J. P. S., A. Nenes, and R. J. Weber. 2017. Changes in Light Absorptivity of Molecular 

Weight Separated Brown Carbon Due to Photolytic Aging. Environ. Sci. Technol. 51: 

8414−8421. doi.org/10.1021/acs.est.7b01739. 

Wong, J. P. S., M. Tsagkaraki, I. Tsiodra, N. Mihalopoulos, K. Violaki, M. Kanakidou, J. Sciare, 

A. Nenes, and R. J. Weber. 2019. Atmospheric Evolution of Molecular-Weight-Separated 

Brown Carbon from Biomass Burning. Atmos. Chem. Phys. 19: 7319–34. 

You, R., J. G. Radney, M. R. Zachariah, and C. D. Zangmeister. 2016. Measured Wavelength-

Dependent Absorption Enhancement of Internally Mixed Black Carbon with Absorbing and 

Nonabsorbing Materials. Environ Sci Technol. 50 (15): 7982–90. 

doi.org/10.1021/acs.est.6b01473.Measured. 

Yu, Z., G. Magoon, J. Assif, W. Brown, and R. Miake-Lye. 2019. A Single-Pass RGB Differential 

Photoacoustic Spectrometer (RGB-DPAS) for Aerosol Absorption Measurement at 473, 532, 

and 671 Nm. Aerosol Science and Technology 53 (1): 94–105. 

doi.org/10.1080/02786826.2018.1551611. 

Zhang, Y., J. Shu, C. Liu, Y. Zhang, B. Yang, and J. Gan. 2013. Heterogeneous Reaction of 

Particle-Associated Triphenylene with NO3 Radicals. Atmospheric Environment 68 (3): 114–

19. doi.org/10.1016/j.atmosenv.2012.11.052. 

Zhang, Y., H. Forrister, J. Liu, J. Dibb, B. Anderson, J. P. Schwarz, A. E. Perring, et al. 2017. Top-

of-Atmosphere Radiative Forcing Affected by Brown Carbon in the Upper Troposphere. 

Nature Geoscience 10: 486. doi.org/10.1038/NGEO2960. 



 

128 

Zhao, R., A. K. Y. Lee, L. Huang, X. Li, F. Yang, and J. P. D. Abbatt. 2015. Photochemical 

Processing of Aqueous Atmospheric Brown Carbon. Atmos. Chem. Phys. 15: 6087–6100. 

doi.org/10.5194/acp-15-6087-2015. 

Zhong, M., and M. Jang. 2014. Dynamic Light Absorption of Biomass-Burning Organic Carbon 

Photochemically Aged under Natural Sunlight. Atmos. Chem. Phys. 14: 1517–25. 

doi.org/10.5194/acp-14-1517-2014. 

Zielinska, B., J. Arey, R. Atkinson, and P. A. McElroy. 1989. Formation of 

Methylnitronaphthalenes from the Gas-Phase Reactions of 1- and 2-Methylnaphthalene with 

OH Radicals and N205 and Their Occurrence in Ambient Air. Environ. Sci. Technol. 23 (6): 

723–29. doi.org/10.1021/es00064a011. 

Zimmermann, K., N. Jariyasopit, S. L. M. Simonich, S. Tao, R. Atkinson, and J. Arey. 2013. 

Formation of Nitro-PAHs from the Heterogeneous Reaction of Ambient Particle-Bound 

PAHs with N2O5/NO3/NO2. Environ. Sci. Technol. 2013, 47 (3): 8434−8442. 

doi.org/10.1021/es401789x. 

  



 

129 

 

 

CHAPTER 4 

DISCREPANCIES BETWEEN BRWON CARBON LIGHT-ABSORPTION PROPERTIES 

RETRIEVED USING ONLINE AND OFFLINE METHODS3 

 

  

 

3 Cheng, Z., K. M. Atwi, O.E. Hajj, I. Ijeli, D.A. Fischer, G. Smith, and R. Saleh. Submitted to 

Aerosol Science and Technology. 

 



 

130 

Abstract 

We compared the imaginary part of the refractive indices (k) of brown carbon (BrC) retrieved from 

online and solvent-extraction offline light-absorption measurements. BrC with variable light-

absorption properties was generated from the controlled combustion of three structurally different 

fuels: toluene (aromatic), isooctane (branched alkane), and cyclohexane (cyclic alkane). The 

online retrieval method involved combining real-time measurements of aerosol absorption 

coefficients (at 422 nm, 532 nm, and 781 nm) and size distributions with Mie calculations. The 

offline method involved extracting BrC samples with two organic solvents, methanol and 

dichloromethane, followed by light-absorption measurements of the extracts using a UV-vis 

spectrophotometer. For the least absorbing BrC, k values of the extracts in both solvents, retrieved 

using the offline method, were similar to those of the aerosol, retrieved using the online method. 

However, for darker BrC, k values of the BrC extracts in dichloromethane were smaller than those 

of the BrC aerosol, and k values of the BrC extracts in methanol were the smallest, with the 

discrepancy among the three increasing with increasing BrC darkness. These results indicate that 

BrC produced in this study was more soluble in dichloromethane than methanol, and the BrC 

solubility in both solvents decreased with increasing BrC darkness. Finally, k of BrC produced 

from all fuels, for both BrC aerosol and extracts, followed the same trend of decreasing wavelength 

dependence (flatter absorption spectra) with increasing k as previous data, further supporting the 

brown-black continuum of light-absorption properties. 
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4.1. Introduction 

Light-absorbing organic aerosol (OA), or brown carbon (BrC), absorbs incoming solar radiation 

in the visible and ultra-violet wavelengths (Andreae and Gelencsér 2006). BrC absorption has an 

important yet uncertain effect on atmospheric radiative balance, with estimates of its global 

radiative effect ranging over an order of magnitude, between +0.03 W/m2 and +0.57 W/m2 (Saleh 

2020). This large uncertainty is in part a result of persistent gaps in the fundamental understanding 

of the BrC chemical composition and optical properties. BrC absorption has been linked to various 

species including polycyclic aromatic hydrocarbons (PAHs) (Saleh et al. 2018; Cheng et al. 2020; 

Adler et al. 2019), oxygenated and nitrated aromatics (Li, He, Hettiyadura, et al. 2019; Li, He, 

Schade, et al. 2019; Liu et al. 2016; Liu et al. 2017; Desyaterik et al. 2013; Cheng et al. 2020), 

nitrogen heterocyclic compounds (Kampf et al. 2016; Marrero-Ortiz et al. 2019), as well as 

interaction of chromophores with charge transfer complexes (Phillips and Smith 2014, 2015). The 

diversity in BrC chromophores is manifested as a wide variability in BrC light-absorption 

properties, which can be quantified using the wavelength-dependent imaginary part of the 

refractive index (k). BrC absorption spectra exhibit an increase toward short-visible and UV 

wavelengths (Laskin, Laskin, and Nizkorodov 2015; Moise, Flores, and Rudich 2015), which can 

be mathematically represented with a power-law functional dependence on wavelength (i.e., k(λ) 

~ λ-w). Based on a compilation of light-absorption data of BrC from various sources reported in the 

literature, Saleh (2020) proposed an optical classification of BrC based on its k at 550 nm (k550) 

and w: very weakly absorbing BrC (VW-BrC) (k550=10-4-10-3, w=6-9), weakly absorbing BrC (W-

BrC) (k550 = 10-3-10-2, w = 4-7), moderately absorbing BrC (M-BrC) (k550 = 10-2-10-1, w = 1.5-4), 

and strongly absorbing BrC (S-BrC) (k550 > 10-1, w = 0.5-1.5). It is noteworthy that k550 of VW-

BrC and S-BrC are separated by 3 orders of magnitude and that the more absorptive BrC (larger 
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k550) is characterized by flatter absorption spectra (smaller w). Furthermore, there is a correlation 

between BrC sources and optical classes, with the more absorptive BrC (M-BrC and S-BrC) mostly 

associated with biomass combustion. 

In addition to the true variability outlined above, discrepancies between BrC light-absorption 

properties reported in the literature arise from differences in measurement techniques and the 

associated biases and uncertainties. Retrieval of k and w of BrC can be achieved via online aerosol 

optical measurements coupled with optical (e.g., Mie theory) calculations (Chakrabarty et al. 2010; 

Saleh et al. 2013; Saleh et al. 2014; Lack et al. 2012) or offline methods involving filter collection 

and extraction with water or organic solvents followed by light-absorption measurements using 

ultraviolet-visible (UV-vis) spectrophotometry (Chen and Bond 2010; Li, Chen, and Bond 2016). 

The main advantage of the online methods is the ability to retrieve the optical properties of the 

BrC aerosol while airborne. However, the retrieval process is relatively complex. The presence of 

BC, which is often co-emitted with BrC, induces relatively large uncertainty because retrieval 

calculations require knowledge of the poorly constrained BC mixing state and morphology (Saleh 

2020; Stevens and Dastoor 2019). Since BC is insoluble in water and organic solvents (Bond et al. 

2013), the offline methods have the advantage of isolating the BrC via solvent extraction. 

However, not all types of BrC are efficiently extracted in water and organic solvents (Corbin et al. 

2019). Different types of BrC exhibit variable extraction efficiencies in different solvents, leading 

to retrieved light-absorption properties that are solvent-dependent (Chen and Bond 2010; Liu et 

al. 2013; Shetty et al. 2019).  

Traditionally, the most widely used solvent to extract organic aerosol (OA) in atmospheric science 

research is water (Hecobian et al. 2010; Claeys et al. 2012; Zhang et al. 2013). Realizing that a 
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significant fraction of OA is not water soluble, methanol has also been used as a solvent in more 

recent studies (Fuzzi and Decesari 2016; Xie et al. 2017; Xie, Hays, and Holder 2017; Phillips and 

Smith 2017). Methanol has been shown to be more effective at extracting OA in fresh combustion 

emissions (Chen and Bond 2010; Sengupta et al. 2018), which are relatively non-polar. 

Consequently, for the same combustion emissions, k values retrieved for methanol-extracted BrC 

are larger than those for water-extracted BrC (Chen and Bond 2010; Wu et al. 2016). Although 

relatively uncommon in atmospheric aerosol studies, dichloromethane (DCM) is frequently used 

as a solvent in combustion soot-formation research due to its efficacy at extracting the large-

molecular-size polycyclic aromatic hydrocarbons (PAHs) that constitute nascent soot (Alfè et al. 

2008; Apicella et al. 2007; Russo et al. 2013), which are important BrC components (Saleh et al. 

2018; Cheng et al. 2020). BrC absorption (i.e., k) increases with increasing molecular size (Saleh 

et al. 2018) while its solubility decreases with increasing molecular size (Corbin et al. 2019). 

Therefore, offline solvent-extraction techniques are expected to underestimate BrC absorption as 

they miss the large-molecular-size S-BrC (Saleh 2020), which is poorly soluble or insoluble in 

organic solvents (Corbin et al. 2019). This is supported by the findings of Shetty et al. (2019) who 

reported that the extraction efficiency of biomass-burning BrC decreased with the increasing of 

BC/OA ratio, which is correlated with an increase in production of S-BrC (Cheng et al. 2019; 

Saleh 2020; Saleh et al. 2014).  

In this study, we investigated the discrepancies in BrC light-absorption properties that arise from 

retrieval methods (online versus offline) and the choice of solvent in offline methods. We produced 

BrC with variable light-absorption properties from the controlled combustion of three structurally 

different fuels: toluene (aromatic), isooctane (branched alkane), and cyclohexane (cyclic alkane). 
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We compared the BrC light-absorption properties retrieved from online measurements to those 

retrieved from offline solvent-extraction measurements using methanol and DCM as solvents. 

4.2. Methods 

4.2.1. Approach 

We performed a systematic comparison between the light-absorption properties (k and w) of BrC 

retrieved from online light-absorption and aerosol size-distribution measurements and those 

retrieved from solvent-extraction followed by offline UV-vis spectrophotometry. We isolated 

three key effects: 

1) Light-absorption properties of the suspended BrC particles: There is an association between 

BrC light-absorption properties and its physicochemical properties,  such as solubility in organic 

solvents (Saleh 2020; Corbin et al. 2019). Therefore, it is important to assess the dependence of 

solvent-extraction bias on BrC light-absorption properties. To this effect, we generated BrC with 

variable k values that span the range observed for combustion BrC, including weakly absorbing 

BrC (W-BrC), moderately absorbing BrC (M-BrC), and strongly absorbing BrC (S-BrC) (Saleh 

2020). 

2) Fuel type: We used three structurally different fuels: toluene (aromatic), isooctane (branched 

alkane), and cyclohexane (cyclic alkane). For each fuel, we generated BrC spanning the optical 

classes described above and compared the solvent-extraction bias for BrC within the same optical 

class but produced from the different fuels. 
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3) Solvent type: We used two organic solvents: methanol and DCM. Methanol is recently 

becoming the most used organic solvent in atmospheric aerosol research and is often assumed to 

extract most or all of the OA, including BrC (Fuzzi and Decesari 2016; Sengupta et al. 2018; Xie, 

Hays, and Holder 2017; Cheng et al. 2016; Liu et al. 2013). On the other hand, DCM is commonly 

used in studies of organic nascent soot formation in combustion (Alfè et al. 2008; Apicella et al. 

2007; Russo et al. 2013) due to its efficacy at extracting the PAHs that comprise the nascent soot. 

We have previously shown that these PAHs constitute an important fraction of combustion BrC 

(Saleh et al. 2018); therefore, DCM can potentially be an appropriate solvent for atmospheric BrC 

research. 

Details of the combustion experiments and the online and offline techniques employed to retrieved 

k and w of the generated BrC are described in the subsequent subsections. 

 

Figure 4.1. Schematic of the experimental setup. 

4.2.2. Combustion experiments and online measurements 

The combustion system utilized in this study is described in detail in Cheng et al. (2019). Briefly, 

controlled steady flows of fuel, clean air, and additional nitrogen (used as a passive diluent) were 

introduced into a temperature-controlled quartz combustion chamber. The temperature of the 
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combustion chamber was controlled at either 950 °C or 1000 °C in these experiments. The fuel 

was introduced in vapor form using a bubbler at a flowrate dictated by the saturation vapor pressure 

of the fuel (3.4, 5.3, and 10.7 kPa for toluene, cyclohexane, and isooctane, respectively). The 

equivalence ratios in the experiments ranged between 1.1 and 4.7, and the nitrogen/oxygen ratio 

ranged between 1.9 and 80.5. By tuning the combustion conditions, we generated BrC with widely 

variable and well-controlled optical properties. In specific, increasing the combustion temperature, 

decreasing the equivalence ratio, and/or decreasing the nitrogen/oxygen ratio produces darker BrC 

(larger k and smaller w) (Saleh et al. 2018). In two experiments (one for cyclohexane and one for 

isooctane), dark BrC was further isolated by passing the emissions through a thermodenuder 

controlled at 120 ˚C. This process relies on the established association between volatility and BrC 

optical properties, namely that the residual (less volatile) fraction is darker than the evaporated 

(more volatile) fraction (Saleh et al. 2018, Saleh 2020). Details of the combustion conditions for 

each experiment are given in Table S4.1 in the Supplementary Information (SI). 

In order to tune the combustion conditions to produce BrC of certain desired light-absorption 

properties, we relied on real-time calculations of the wavelength-dependent mass absorption cross-

section (MAC, m2 g-1) and absorption Ångström exponent (AAE). Those could be readily obtained 

from the real-time measurements of the absorption coefficients (babs, Mm-1) and total aerosol mass 

concentrations (mp): 

MAC(λ) =  𝑏𝑎𝑏𝑠(𝜆)/𝑚𝑝         (4.1) 

AAE was obtained by fitting a power-law function to Equation (4.1). We measured babs at λ = 422, 

532, and 781 nm using a 3-wavelength Multi-pass Photoacoustic Spectrophotometer Spectrometer 

(Multi-PAS III) (Fischer and Smith 2018). mp was calculated by integrating the size distribution 
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within the size range 10–550 nm measured using a scanning mobility particle sizer (SMPS, TSI) 

with a density value of 1.2 g cm-3, which was measured using the tandem differential mobility 

analyzer – aerosol particle mass analyzer (tandem DMA-APM) technique (Malloy et al. 2009). 

We classified the aerosols based on their electricity mobility diameter (dm) using a differential 

mobility analyzer (DMA, TSI) and then measured the mass of the selected particles (m) using an 

aerosol particle mass (APM, Kanomax) analyzer. The mobility effective density (ρeff) was 

calculated as (McMurry et al. 2002): 

𝜌eff =  
𝑚

𝜋𝑑m
3

6

           (4.2) 

We have previously confirmed that BrC particles formed at similar conditions were near-spherical 

particles based on scanning electron microscopy (SEM) images (Saleh et al. 2018). Thus, the 

mobility-equivalent volume of BrC particles in Equation (4.2) is equal to the true volume of the 

particles and ρeff measured by the tandem DMA-APM technique is equal to the true density. 

For each experiment, we processed the light-absorption (Multi-PAS III) and size-distribution 

(SMPS) data to retrieve the BrC k at 422 nm, 532 nm, and 781 nm using optical closure (Saleh et 

al. 2018). The procedure involved optimizing a Mie code to reproduce the measured babs at each 

wavelength using the size distribution as input and k as a free parameter. We assumed a real part 

of the refractive index of 1.6 in the calculations (Saleh 2020). We then calculated w as the exponent 

of a power-law fit to the retrieved k values versus wavelengths. Hereafter, we refer to the k and w 

values retrieved for the airborne particles as kaerosol and waerosol to distinguish them from the k and 

w values retrieved from UV-vis measurements of extracts (kextracts and wextracts). 
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4.2.3 Filter collection and extraction 

For each experiment, we collected BrC samples at a flow rate of 10 lpm on 47 mm 

polytetrafluoroethylene (PTFE, Teflon) filters (Whatman, TE 35, 0.2 µm pore size). To ensure we 

had enough BrC for clear UV-vis signals, we collected ~0.75 mg of BrC under each combustion 

condition, requiring approximately 3 hours of sampling time per condition. The combustion 

conditions and BrC optical properties were uniform during the sampling time, which is one of the 

main advantages of the combustion system employed in this study. In preliminary experiments, 

we noticed that the filters start clogging when loadings exceed ~0.3 mg. Thus, for each experiment, 

we collected three filters, each with a loading of ~0.25 mg. 

The filter extraction procedure was similar to Hecobian et al. (2010) and Phillips and Smith (2017). 

We divided each of the three filters into two pieces and sonicated one piece of each filter in a glass 

vial (Fisherbrand, 03-339-22F) for 20 minutes with 10 ml of either methanol (Macron fine 

chemicals, 3016-16, ≥ 99.8% purity) or DCM (SIGMA-ALDRICH, 270997-2L, ≥ 99.8% purity). 

Preliminary experiments showed that sonication for longer than 20 minutes did not affect the 

results. After sonication, we filtered the solution using 0.2 µm PTFE filters (STERLITECH 

Corporation, PTU021350, 13 mm diameter) to remove undissolved particles, which cause bias in 

the UV-vis absorption measurements due to scattering (Phillips and Smith 2017).  

We estimated the BrC concentration in the solution (CBrC) following a procedure similar to Li, 

Chen, and Bond (2016). We pipetted 300 µl from each solution using silicon-coated tips onto a 

blank prebaked 1.5 cm2 quartz filter punch (Pall Inc., Tissuquartz 2500). We then evaporated the 

solvent using a 10 lpm stream of clean, dry air for 10 minutes. The BrC is orders of magnitude less 

volatile than the solvents, and therefore the amount of BrC evaporated in this procedure is 
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negligible. The total mass of carbon on the filter punches (mTC) was measured using an OC-EC 

analyzer (Sunset Laboratory Inc, Portland, OR, USA, Model 5L), and CBrC was calculated as mTC 

divided by the pipetted solution volume (300 µl). To validate the accuracy of this method, we 

prepared solutions with known concentrations of pyrene in DCM and methanol and were able to 

retrieve the concentrations with less than 7% error (see Table S4.2 in SI). With the absence of 

information on the elemental composition of the BrC, we assumed that the BrC concentration was 

equal to the carbon concentration. Based on previous chemical speciation measurements of BrC 

produced under similar conditions (Cheng et al. 2020), we expect OA/OC (or BrC/OC) to be close 

to 1 for the lightest BrC samples and less than 1.4 for the darkest BrC samples (Section 3.2). 

It is important to note that control experiments that involved quantifying mTC in solutions of 

extracted clean filters revealed that both methanol and DCM dissolved plastics (e.g., Polyvinyl 

chloride (PVC), polycarbonate (PC), polyethylene (PE)), which showed as an OC signal on the 

OCEC analyzer. To minimize the contact of the solvents with plastic, we used either metal or glass 

tools/containers in the extraction process and covered each vial with aluminum foil before sealing 

with the PVC cap. We verified that none of the tools/containers used in this extraction process 

caused any bias in the measured CBrC (see SI). However, DCM still dissolved organic matter in the 

PTFE filters leading to ~ 0.026 g/l bias in CBrC (see SI). Therefore, CBrC in the DCM solutions was 

corrected by subtracting 0.026 g/l from the measured concentrations. We verified that the dissolved 

organic matter from the filters did not exhibit any UV-vis absorption. 

4.2.4. Retrieving light-absorption properties of BrC extracts 

The UV-vis absorbance (A) of the BrC extracts was measured in the range 200 nm to 800 nm at a 

1 nm resolution using a UV-vis Spectrophotometer (Agilent, Cary 60). We retrieved the 
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wavelength-dependent imaginary part of the refractive index of the extracts (kextracts) from the 

measured absorbance following the method of Sun et al. (2007). kextracts is related to the absorption 

coefficient of the BrC extracts (α, cm-1): 

𝑘extracts(𝜆) =  
 𝜆

4𝜋
𝛼(𝜆)          (4.3) 

Note that even though α and babs have the same dimensions (L-1), they have different physical 

meanings and should not be confused. While α is a material property, as evident in Equation (4.3), 

babs represents the total absorption cross-section of an aerosol per unit volume of air and therefore 

depends on the aerosol concentration. α is obtained from absorbance measurements as: 

𝛼(𝜆) =  𝑙𝑛10 
𝐴(𝜆)𝜌

𝐶BrC 𝐿
          (4.4) 

Where L is the optical path length (1 cm), CBrC is the concentration of BrC extracts (Section 2.3), 

and ρ is the density of the extracted BrC, assumed to be 1.2 g cm-3 (the density we obtained for the 

suspended aerosol; Section 4.2.2). The derivation of Equations (4.3) and (4.4) are given in the SI.  

The wavelength dependence of kexctracts (wextracts) was obtained as the exponent of a power-law fit 

of kexctracts versus wavelength. For direct comparison between waerosol and wextracts, the fit was limited 

to the wavelength range of the Multi-PAS III (422 nm – 781 nm). Note that since α is proportional 

to kextracts(λ) (Equation 4.3) and the wavelength dependence of α is AAE, it follows that AAEextracts 

= wexrtacts + 1, which is the expected relation for the small-particle limit. Furthermore, unlike kextracts, 

the retrieval of wextracts is independent of ρ and CBrC and is thus not subject to the biases associated 

with the assumptions outlined above. 
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4.2.5. Validation of the online and offline methods using nigrosin 

In order to quantify the bias in kexrtacts and wextracts associated with extraction efficiency, we need 

first to assess any inconsistency between the online (aerosol) and offline (extracts) retrieval 

methods that is not associated with extraction efficiency. To that effect, we compared kaerosol and 

kextracts of nigrosin (Sigma Aldrich, CAS# 8005-03-6), a water-soluble organic dye. Nigrosin has 

been widely used as a model material of light-absorbing aerosol to validate PAS measurements 

(Lack et al. 2006; Wiegand, Mathews, and Smith 2014; Bluvshtein et al. 2017). We prepared an 

aqueous solution of nigrosin and used a constant output atomizer (TSI 3076) followed by diffusion 

drying to generate nigrosin aerosol. We retrieved kaerosol following the procedure described in 

Section 4.2.2 using a real part of the refractive index of 1.7 (Dinar et al. 2007). We retrieved kextracts 

following the procedure described in Section 4.2.4 using a density of 1.5 g cm-3, which was 

obtained using the tandem DMA-APM technique. 

4.3. Results and discussion 

4.3.1. Light-absorption properties of nigrosin 

Figure 4.2 shows kextracts as a function of wavelength between 400 nm and 800 nm and kaerosol at 

422 nm, 532 nm, and 781 nm. Both online and offline retrievals show that k of nigrosin exhibits a 

peak in the mid-visible wavelengths and drops to smaller values towards the long-visible and short-

visible wavelengths. This wavelength dependence of k is consistent with nigrosin’s dark “midnight 

purple” appearance. At 532 nm, kaerosol and kextracts are 0.282 ± 0.009 and 0.270 ± 0.004, 

respectively, which are in good agreement, and within the range reported in the literature (Dinar 

et al. 2007; Garvey and Pinnick 1983; Bluvshtein et al. 2012; Lang-Yona et al. 2009; Bluvshtein 
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et al. 2017) (Figure 4.2). The differences are larger at 422 nm (kaerosol = 0.165 ± 0.004, kextracts = 

0.132 ± 0.004) and 781 nm (kaerosol = 0.1894 ± 0.011, kextracts = 0.161 ± 0.002). Nevertheless, these 

results indicate that the light absorption properties obtained using online and offline methods are 

consistent, and any significant differences (> ~20%) in kaerosol and kextracts of BrC could be attributed 

to extraction efficiency. 

 

Figure 4.2. Imaginary part of the refractive index (k) of nigrosin retrieved from online and offline 

measurements. The range of the shaded area is the uncertainty of UV-vis measurements (~5%), 

which is a combination of the variances of the absorption measurements and uncertainty in the 

concentration measurements (see uncertainty analysis in SI).  

4.3.2 Comparison of the light-absorption properties of BrC aerosol and extracts 

The BrC generated from the controlled combustion of toluene, cyclohexane, and isooctane had 

kaerosol at 532 nm (kaerosol,532) values ranging over approximately two orders of magnitude (0.005 to 
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0.127). These values cover the range for combustion BrC reported in the literature, and fall under 

the weakly absorbing (W-BrC), moderately absorbing (M-BrC), and strongly absorbing (S-BrC) 

optical-based classes introduced by Saleh (2020). waerosol and kaerosol,532 exhibit an inverse relation, 

where darker BrC is characterized by larger kaerosol,532 and smaller waerosol (Saleh et al. 2018). The 

corresponding waerosol ranged between 3.0 and 9.2 for the darkest and lightest BrC, respectively. 

The numerical values of kaerosol and waerosol from all experiments are given in Table S4.1 in the SI. 

The BrC concentrations (CBrC) and UV-vis absorbance of BrC extracts in the two solvents are 

plotted against kaerosol,532 in Figure 4.3. As shown in Figure 4.3a, with the exception of the lightest 

BrC sample (smallest kaerosol,532), CBrC of the DCM extracts was larger than CBrC of the methanol 

extracts, indicating that DCM had a better extraction efficiency than methanol based on carbon 

mass. The significance of the difference in extraction efficiency between the two solvents is more 

evident in Figure 4.3b, which shows relatively close absorbances of DCM and methanol extracts 

for the light BrC samples (small kaerosol,532) but a significantly steeper increase in the absorbance 

of DCM extracts with increasing kaerosol,532 compared to methanol extracts. Absorbance is a 

consequence of both abundance (i.e., CBrC) and intrinsic absorption (i.e., k), as evident in Equation 

(4.3) and Equation (4.4). Therefore, these results indicate that for the same BrC aerosol, the DCM 

extracts did not only have higher BrC mass concentrations, but the BrC in DCM extracts was also 

more absorbing (darker) than the BrC in methanol extracts. We note that since the DCM extracts 

are darker and are thus expected to exhibit larger molecular sizes than methanol extracts (Saleh, 

Cheng, and Atwi 2018), the better carbon-mass-based extraction efficiency of DCM might not 

necessarily translate to better extraction efficiency in terms of number of molecules. 
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Figure 4.3. Comparisons of (a) concentrations (CBrC) and (b) absorbance at 532 nm (A532) of DCM-

extracted and methanol-extracted BrC as a function of the imaginary part of the refractive index 

of BrC aerosol at 532 nm kaerosol,532. BrC was generated from the combustion of toluene, 

cyclohexane, and isooctane. 

This is further illustrated in Figure 4.4, which depicts kextracts,532 and wextracts obtained from the 

offline solvent-extraction measurements using methanol and DCM plotted against kaerosol,532 and 

waerosol. The numerical values of kextracts,532 and wextracts from all experiments are given in Table S4.1 
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in the SI. We note that even though the combustion conditions are controlled in this study and the 

BrC produced at each condition is relatively uniform compared to real-life uncontrolled 

combustion, the BrC at each condition still comprises species with a continuum of molecular sizes 

and light-absorption properties. As evident in Figure 4.4, the DCM-extracted BrC was darker 

(larger kextracts,532 and smaller wextracts) than the methanol-extracted BrC, indicating that DCM was 

more efficient at extracting the larger-molecular-size, more light-absorbing fraction of the BrC. 

There is no apparent fuel dependence of the difference in light-absorption properties between 

methanol-extracted and DCM-extracted BrC, suggesting that there is no significant fuel 

dependence of the difference in extraction efficiency between methanol and DCM. These results 

indicate that DCM is a more potent solvent than methanol in extracting combustion BrC, 

particularly the darker fraction. Given that the absorbances (Figure 4.3) and light-absorption 

properties (Figure 4.4) of the DCM and methanol extracts are similar for W-BrC and diverge as 

BrC becomes darker, we expect the methanol extracts are a subset of DCM extracts. However, it 

is possible that some molecules are extracted by methanol and not DCM, in which case sequential 

extraction in both solvents would lead to better BrC quantification. 

With the exception of the lightest BrC data point (Figure 4.4), the BrC from all fuels and 

combustion conditions had kexrtacts < kaerosol and wextracts > waerosol for both solvents, signifying that, 

even with DCM, the extraction efficiency of each BrC sample was lower for the darker fraction of 

the sample. This is expected because, for some classes of molecules, solubility decreases with 

increasing molecular size (Corbin et al. 2019), while BrC absorption increases with molecular size 

(Saleh et al. 2018). These results are consistent with the findings of Shetty et al. (2019) who 

compared light absorption by biomass-burning BrC aerosol to light absorption by BrC extracts 

using water, methanol and acetone. They reported that, for all solvents, the ratio of extracts 
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absorption to aerosol absorption decreased with increasing BC/OA of the emissions, which is 

correlated with increasing BrC darkness (Saleh et al. 2014; Cheng et al. 2019; McClure et al. 

2020). 

In general, the results shown in Figure 4.4 show that solvent-extraction techniques can 

substantially underestimate BrC light absorption. For methanol-extracted BrC, kexctracts,532 was 

smaller than 0.025 and wextracts was larger than 7 for all samples, suggesting that the majority of 

methanol-extracted BrC was weakly absorbing (W-BrC). On the other hand, DCM also extracted 

a significant fraction of the moderately absorbing BrC (M-BrC), but the strongly absorbing BrC 

(S-BrC) remained largely unextracted. Real-life uncontrolled combustion (e.g., biomass burning) 

produces BrC components that exhibit wide distributions within different optical classes, with the 

fraction of components in each class being dependent on the general combustion regime. 

Smoldering combustion would feature more of the W-BrC class, while flaming combustion would 

feature more of the M-BrC and S-BrC classes (Saleh 2020). Therefore, as can be inferred from 

Figure 4.4, the bias in BrC light-absorption properties retrieved from solvent-extraction methods 

is expected to become more prominent as the combustion approaches flaming conditions and the 

emitted BrC becomes darker. 
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Figure 4.4. Comparison of BrC light-absorption properties retrieved from online measurements 

(aerosol) and offline measurements (extracts) using methanol and DCM as solvents. For clarity, 

uncertainty bounds (given in Table S4.1) are not shown in the figures. a) Imaginary part of the 

refractive indices at 532 nm. b) Wavelength dependence of the imaginary part of the refractive 

indices. 

4.3.3 The continuum of light-absorption properties 

We have previously established that BrC exhibits a continuum of light-absorption properties 

characterized by pairs of inversely correlated mid-visible k (e.g., k at 550 nm, k550) and its 

wavelength dependence (w), where k550 and w approach those of BC for the darkest BrC on the 

continuum (Saleh et al. 2018). In that study, we generated BrC from the combustion of benzene 

and toluene and retrieved the light-absorption properties from online measurements (same 

procedure as Section 4.2.2). In this study, we further expanded the data set by 1) generating BrC 

from two additional structurally different fuels (cyclohexane and isooctane) and 2) retrieving k550 
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and w of BrC extracts using methanol and DCM as solvents in addition to k550 and w of the aerosol. 

All the w versus k550 data points from this study and Saleh et al. (2018) are plotted in Figure 4.5. 

The k550 values from this study were calculated from the k532 (retrieved from the online babs 

measurements at 532 nm) and w values plotted in Figure 4.4 as k550 = k532 (532/550)w. 

As shown in Figure 4.5, regardless of structural difference (branched alkane, cycloalkane, 

aromatic), BrC from all three fuels reproduced the brown-black continuum introduced by Saleh et 

al. (2018) with well-correlated k550 and w. This result further confirms that BrC production and its 

light-absorption properties are not tied to certain fuel types, but are governed by combustion 

conditions (Saleh et al. 2018; Saleh 2020; Cheng et al. 2019). The combustion of any hydrocarbon 

fuel can produce BrC at any location along the brown-black continuum if combusted at the “right” 

combustion conditions (temperature, equivalence ratio). However, these right conditions are 

different for different fuels (Cheng et al. 2019; Saleh 2020). 

Even though the solvents, especially methanol, only extracted the less-absorbing fraction of the 

BrC samples, the k550 and w of the extracts still fall on the same continuum as those of the BrC 

aerosol. This provides further evidence for the inverse relation between k550 and w of BrC. 

Furthermore, these results provide support for the conclusion that the differences observed 

between kaerosol and kextracts (Figure 4.4) are due to the inefficiency of solvent extraction and not due 

to intrinsic differences between the online and offline methods. 
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Figure 4.5. Wavelength dependence of the imaginary part of the refractive index (w) versus the 

imaginary part of the refractive index at 550 nm (k550) of BrC generated from controlled-

combustion of toluene, isooctane, and cyclohexane. The k550 and w values include those retrieved 

from online measurements (aerosol) and offline measurements using solvent-extraction by DCM 

and methanol (extracts). Uncertainty bounds (given in Table S4.1 in SI) are not shown for clarity. 

Also shown are k550 and w values from Saleh et al. (2018) for BrC aerosol produced from the 

combustion of toluene and benzene. 

4.4. Conclusions 

The experiments performed in this study revealed significant discrepancies between BrC light-

absorption properties retrieved using online methods and offline solvent-extraction methods. 

These discrepancies are mainly associated with extraction inefficiency, which is more prominent 
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for darker BrC. For the BrC produced in this study from the combustion of toluene, cyclohexane, 

and isooctane, DCM exhibited better extraction efficiency, and thus less bias in retrieved light-

absorption properties, than methanol, indicating that DCM is a more powerful solvent for 

extracting combustion BrC. However, even with DCM, the imaginary part of the refractive indices 

of the extracts were significantly smaller than those of the aerosol, with the difference increasing 

with increasing BrC darkness. Therefore, it should be noted that BrC light-absorption properties 

obtained using offline solvent-extraction techniques are those of the extracted fraction and are not 

necessarily representative of the whole BrC. The results obtained in this study also provide further 

evidence that BrC exhibits a continuum of light-absorption properties characterized by pairs of 

inversely correlated mid-visible imaginary part of the refractive indices (e.g., at 550 nm, k550) and 

their wavelength dependence (w). The inverse correlation between k550 and w applies for BrC 

produced from the combustion of structurally different fuels and for k550 and w obtained from both 

online and offline solvent-extraction techniques. 
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CHAPTER 5 

CONCLUSION 

The central goal of this dissertation is to fill some of the important knowledge gaps of the optical 

properties of BrC, which will enable better representation of BrC in climate models. The main 

objectives of this dissertation are to 1) design controlled-combustion experiments where 

combustion conditions (relative flowrates of O2, N2, and fuel and combustion temperature) are 

varied systematically; 2) perform measurements to constrain the light-absorption properties of the 

combustion BrC and BrC-BC mixtures at different combustion conditions; 3) investigate the 

evolution of BrC light-absorption properties due to nighttime oxidation with NO3; and 4) assess 

the bias associated with quantifying the light-absorption properties BrC using the solvent 

extraction method. 

In the controlled-combustion experiments, we used benzene and toluene as model fuels to generate 

combustion carbonaceous aerosols that span both pure BrC ae well as mixed BrC+BC. We showed 

that the light-absorption properties of carbonaceous aerosols follow the brown-black continuum 

that the BrC and BC produced by both fuels fall on the same light-absorption continuum, which 

can be characterized by pairs of increasing MAC at 532 nm (MAC532) and decreasing AAE. For 

both the pure BrC and mixed BrC+BC regimes, MAC532 increases and AAE decreases with 

increasing EC/OC regardless of fuel type, which indicates that light-absorption properties of 

carbonaceous aerosols do not depend on the fuel type, and more efficient combustion can generate 

progressively darker BrC as well as increase BC fraction. This finding provides a fundamental 

basis for previous reports on the observed dependence of light-absorption properties on EC/OC. It 
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also suggests that a unified framework can potentially be implemented to parameterize the light-

absorption properties of carbonaceous aerosols produced through the soot-formation route in both 

the pure-organic (e.g., smoldering) and BC-forming (e.g., flaming) combustion regimes. 

In the collaborative project with Aerodyne Research, Inc., we investigated the evolution of 

chemical composition and light-absorption properties of BrC due to heterogeneous reaction with 

NO3. We performed controlled-combustion with toluene to generated BrC with varying light-

absorption properties, which we categorized as light, medium, and dark BrC. Then we investigated 

the light-absorption properties and chemical composition of these BrC before and after exposure 

to NO3 in an OFR. We found that exposure to NO3 in the OFR can generate nitro-PAHs from both 

heterogeneous oxidation of the particulate PAHs as well as SOA formation from gas-phase 

oxidation and subsequent condensation of PAH vapors. Based on this mechanism, we found that 

heterogeneous oxidation could significantly enhance the light-absorption properties of all three 

types of BrC. On the other hand, the SOA formation would counterbalance this enhancement since 

SOA was likely less absorbing than the particulate PAHs, thereby reducing the overall light 

absorption of the oxidized BrC. 

In the last project, we compared the k and w value of BrC retrieved using online and offline 

methods. We generated BrC with variable light-absorption properties by performing controlled-

combustion experiments with three structurally different fuels: toluene (aromatic), isooctane 

(branched alkane), and cyclohexane (cyclic alkane). We used an online retrieval method with Mie 

calculations to retrieve the k value of BrC aerosols at 422 nm, 532 nm, and 782 nm. Then we use 

an offline method to retrieve the light-absorption properties of these BrC aerosol extracted by 

methanol and DCM. We found that the k values of extracts in both solvents were similar to those 
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of the aerosol. However, for darker BrC, k values of the BrC extracts in DCM were smaller than 

those of the BrC aerosol, but larger than k values of the BrC extracts in methanol, with the 

discrepancy among the three increasing with increasing BrC darkness. These results indicate that 

DCM has a higher extraction efficiency of BrC produced in this study than methanol, and the BrC 

solubility in both solvents decreased with increasing BrC darkness. Finally, k of BrC produced 

from all fuels, for both BrC aerosol and extracts, followed the same trend of decreasing wavelength 

dependence (flatter absorption spectra) with increasing k as previous data, further supporting the 

brown-black continuum of light-absorption properties. 

The results obtained in this study also provide further evidence that BrC exhibits a continuum of 

light-absorption properties characterized by pairs of inversely correlated pairs mid-visible 

imaginary part of the refractive indices (e.g., at 550 nm, k550) and their wavelength dependence 

(w). The inverse correlation between k550 and w applies for BrC produced from the combustion of 

structurally different fuels and for k550 and w obtained from both online and offline solvent-

extraction techniques. 
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APPENDIX A 

SUPPLEMENTAL INFORMATION FOR CHAPTER 2 

INVESTIGATING THE DEPENDENCE OF LIGHT-ABSORPTION PROPERTIES OF 

COMBUSTION CARBONACEOUS AEROSOLS ON COMBUSTION CONDITIONS 
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S2.1. Calculation of fuel concentration in bubbler output flow: 

As described in the main text section 2.2.1, the fuel is delivered to the combustion chamber by 

flowing air through a bubbler containing the fuel. Here, we perform calculations to confirm that 

the air exits the bubbler saturated with the fuel, and thus the fuel vapor concentration is equal to 

the saturation concentration. 

For an air bubble rising in the fuel column, the change in the average concentration of the fuel 

vapor inside the bubbler can be calculated as: 

𝑉 ×
dC

d𝑡
= 𝐴 × 𝐾L × (𝐶sat − 𝐶)        (S2.1) 

Where V is the volume of the bubble, A is the surface area of the bubble, C is the average molar 

concentration of the fuel vapor in the bubble, Csat is the molar saturation concentration of the fuel 

(the boundary condition at the air-liquid interface), and KC is the mass transfer coefficient at the 

air-liquid interface: 

𝐾C =  𝑆ℎ × 𝐷AB 𝑑⁄           (S2.2) 

Where d is the bubble diameter (observed to be approximately 1cm), DAB is the diffusion 

coefficient of the fuel in air calculated from the EPA online tool 

(https://www3.epa.gov/ceampubl/learn2model/part-two/onsite/estdiffusion.html) (8.94×10-2 

cm2/s for benzene and 8.04×10-2 cm2/s for toluene), and Sh is the Sherwood number calculated 

using the Ranz-Marshall Correlation: 

Sh = 2 + 0.6 × Re0.5Sc0.33         (S2.3) 



 

165 

Where Re is Reynolds number (Re = U d/ν), and Sc is Schmidt number (Sc = ν/DAB). U is the 

average rising velocity of the bubble in the fuel column (observed to be approximately 30 cm/s) 

and ν is the kinematic viscosity of the liquid fuel (6.94×10-3 cm2/s for benzene and 6.50×10-3 cm2/s 

for toluene). Hence, KL for both benzene and toluene is approximately 1.2 cm/s. 

Equation (S2.1) can be written in normalized form as: 

dSR

d𝑡
=

6

d
𝐾C(1 − 𝑆𝑅)          (S2.4) 

Where 𝑆𝑅 =
𝐶

𝐶sat
 is the saturation ratio. 

Solving equation S2.4, the time-dependent SR can be expressed as: 

SR = 1 − exp (−
𝑡

𝜏
 )          (S2.5) 

Equation S2.5 is a first-order dynamic response with a time constant τ = d/6KC = 0.14 s (for d = 

1cm and KC = 1.2 cm/s). 

Equilibrium is usually assumed to be achieved at teq = 3τ. In our experiments, teq = 0.42 s, which 

is smaller than the bubble rising time in our experiments (larger than 1 s). Therefore, we are 

confident that air exits the bubbler saturated with the fuel. 

S2. Uncertainty analysis: 

Uncertainties of the measured mass loadings of OC, EC, and TC by the OC-EC analyzer were 

calculated based on the manufacturer’s specifications as: 

𝑚OC,unc = ±(0.20 μg + 0.05 𝑚𝑂𝐶)        (S2.6) 
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𝑚EC,unc = ±(0.20 μg + 0.05 𝑚𝐸𝐶)        (S2.7) 

𝑚TC,unc = ±(0.30 μg + 0.05 𝑚𝑇𝐶)        (S2.8) 

Where mOC, mEC, and mTC are the mass loading of OC, EC, and TC, respectively.  

The uncertainty in EC/OC was calculated by propagating the uncertainties in OC and EC: 

EC/OCunc = EC/OC√(𝑚EC,unc/𝑚𝐸𝐶)2 + (𝑚OC,unc/𝑚𝑂𝐶)2     (S2.9) 

The uncertainty of the aerosol mass concentration (Cp, unc) was calculated as: 

𝐶p,unc =  
𝑚TC,unc

𝑡∙𝑄
          (S2.10) 

Where Q is the sample collection flow rate, and t is the sample collection time.  

The uncertainty in the effective density (ρeff, unc) was calculated as: 

𝜌eff,unc = 𝜌eff√(𝐶p,unc/𝐶p)2 + (𝜎Vp
/𝑉p)2       (S2.11) 

Where ρeff is the mean value of particle effective density, Cp is the particle mass concentration, Vp 

is the average SMPS integrated volume concentration over the sampling period, and σVp is the 

standard deviation of the SMPS integrated volume concentration over the sampling period. 

The uncertainty in the material density of the aerosol (ρp, unc) was calculated by: 

𝜌p,unc = √𝜌BrC,unc
2 + (𝜌BC − 𝜌BrC)[

(𝜌BrC,unc
2−𝜌BC,unc

2)

(𝜌BC−𝜌BrC)2
+ (

EC/TC𝑢𝑛𝑐

EC/TC
)2]   

 (S2.12) 
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where ρBrC and ρBC are the density of BrC and BC respectively, ρBrC,unc and ρBC,unc are the 

uncertainty of the density of BrC and BC respectively,  and EC/TCunc is the uncertainty of EC/TC 

calculated as: 

EC/TCunc = EC/TC√(𝑚EC,unc/𝑚𝐸𝐶)2 + (𝑚TC,unc/𝑚𝑇𝐶)2     (S2.13) 

Hence, the uncertainty in the shape factor was calculated as: 

𝜒𝑢𝑛𝑐 =
𝜒 

3
√(𝜌p,unc/𝜌p)2 + (𝜌eff,unc/𝜌eff)2       (S2.14) 

The uncertainty in MAC532 (MAC532, unc) was calculated as: 

MAC532,unc = MAC532√(𝜎𝑏abs,532
/𝑏abs,532)2 + (𝐶p,unc/𝐶p)2    

 (S2.15) 

Where babs, 532 is the average absorption coefficient at 532 nm over the course of an experiment 

and σbabs,532 is the standard deviation of babs, 532. 

  



 

168 

Table S2.1. Summary of experimental conditions and data 

Fuel 

Combustion 

temperature 

(˚C) 

Equivalence 

ratio 

Modified 

equivalence 

ratio 

Mass 

concentration 

(μg/cm3) 

EC/OC 

Effective 

density 

(g/cm3) 

Shape 

factor 

MAC at 

532 nm 

(m2/g) 

AAE 

Benzene 

1050 1.23 2.09 173±13 2.55±0.20 0.46±0.05 
1.53±0

.06 
5.69±0.47 1.5±0.07 

1050 1.24 2.11 226±16 1.75±0.14 0.72±0.10 
1.31±0

.07 
4.36±0.49 1.7±0.09 

1050 1.22 2.30 325±25 1.34±0.11 1.24±0.14 
1.09±0

.05 
2.91±0.27 2.2±0.09 

1050 1.17 3.29 425±31 0.23±0.02 1.20±0.10 
1.05±0

.04 
1.91±0.16 3.3±0.09 

1050 1.21 3.65 361±28 0.05±0.01 1.23±0.16 
1.02±0

.07 
0.78±0.08 5.6±019 

1050 1.17 3.76 234±18 0.02±0.01 1.44±0.12 
0.97±0

.12 
0.29±0.03 7.3±0.15 

950 1.22 2.08 80±10 3.14±0.30 0.09±0.02 
2.63±0

.15 
6.43±0.88 1.7±0.03 

950 1.28 2.20 123±12 0.88±0.09 0.27±0.04 
1.77±0

.10 
4.59±0.55 2.0±0.04 

950 1.47 2.53 416±28 0.25±0.02 1.33±0.18 
1.02±0

.05 
2.09±0.25 3.1±0.18 

950 1.42 2.65 431±29 0.11±0.01 1.32±0.10 
1.01±0

.04 
1.19±0.11 4.3±0.22 

950 1.42 2.78 436±30 0.04±0.01 1.33±0.11 
1.00±0

.05 
0.60±0.07 6.3±0.38 

950 1.43 3.06 464±31 0.01±0.01 1.54±0.11 
0.95±0

.12 
0.23±0.02 8.5±0.83 

Toluene 

1050 0.89 1.61 103±11 2.76±0.26 0.15±0.06 
2.25±0

.23 
5.41±1.09 1.4±0.04 

1050 0.95 2.82 331±23 1.00±0.08 0.82±0.15 
1.24±0

.08 
2.83±0.40 2.1±0.07 

1050 0.99 3.15 363±29 0.19±0.02 1.14±0.10 
1.07±0

.05 
1.88±0.17 3.3±0.11 

1050 1.01 3.25 363±27 0.04±0.01 1.17±0.13 
1.04±0

.07 
0.68±0.17 5.7±0.18 

1050 1.07 3.51 397±28 0.01±0.01 1.42±0.15 
0.97±0

.12 
0.24±0.03 8.6±0.13 

950 1.00 1.72 132±11 3.57±0.29 0.20±0.03 
2.03±0

.09 
7.66±0.86 1.5±0.05 

950 0.97 1.92 267±19 1.39±0.10 0.55±0.05 
1.42±0

.06 
4.83±0.36 2.0±0.13 

950 0.99 1.94 468±32 0.42±0.04 1.08±0.08 
1.10±0

.04 
2.39±0.18 2.8±0.12 

950 0.97 2.10 334±26 0.18±0.02 1.06±0.12 
1.09±0

.05 
1.58±0.17 3.5±0.38 

950 0.98 2.22 424±30 0.05±0.01 1.29±0.18 
1.01±0

.06 
0.79±0.20 5.7±0.66 

950 1.05 2.51 358±25 0.02±0.01 1.40±0.11 
0.98±0

.10 
0.28±0.02 8.0±0.15 
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Figure S2.1. Typical time series of integrated SMPS mass concentrations (assuming a density of 

1 g/cm3) and absorption coefficients at 532 nm (babs,532) measured using the Multi-PAS III over a 

typical sampling period. 

 

Figure S2.2. The dependence of the shape factor of the carbonaceous aerosols emitted from 

benzene and toluene combustion on EC/OC. The EC/OC reported here is corrected for adsorbed 

VOCs (see the VOCs correction in section 2.3). The shaded regions correspond to combustion 



 

170 

conditions that produced mixed BrC+BC particles, and the non-shaded regions correspond to 

conditions that produced pure BrC particles. Error bars represent measurement uncertainty. 

 

Figure S2.3. The dependence of the mass absorption cross-section at 532 nm (MAC532) of the 

carbonaceous aerosols emitted from benzene and toluene combustion on the modified equivalence 

ratio (Φ’ – see derivation in section 2.2.1) for combustion temperatures of 950 °C and 1050°C. 

The shaded regions correspond to combustion conditions that produced mixed BrC+BC particles, 

and the non-shaded regions correspond to conditions that produced pure BrC particles. Error bars 

represent measurement uncertainty. The MAC reported here is not corrected for adsorbed VOCs. 

The MAC corrected for adsorbed VOCs is shown in the main text Figure 2.3. 
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Figure S2.4. The mass absorption cross-section at 532 nm (MAC532) versus the absorption 

Ånsgström exponent (AAE) for all the data points in Figure 2.3. The shaded region corresponds 

to mixed BrC+BC particles. The dotted magenta line is an exponential-decay fit (AAE = 

(8.03±0.27) exp ((-0.77±0.10) MAC532) +1, R2=0.9709). The dotted black line is a power-law fit 

(AAE = (3.98±0.22) MAC532
-0.47±0.05, R2=0.9686). Error bars represent measurement uncertainty. 

The MAC reported here is not corrected for adsorbed VOCs. The MAC corrected for adsorbed 

VOCs is shown in the main text Figure 2.4. 
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Figure S2.5. Absorption Ångström exponents (AAE) retrieved using the 3 wavelengths of the 

Multi-PAS III (422, 532, and 782 nm) versus AAE between 532 nm and 422 nm (AAE532-422) and 

AAE between 782 nm and 532 nm (AAE782-532). The black solid line is the 1:1 line. Error bars 

represent measurement uncertainty. 
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Figure S2.6. The mass absorption cross-section at 532 nm (MAC532) versus the absorption 

Ångström exponent (AAE). The shaded regions correspond to mixed BrC+BC particles and the 

non-shaded regions correspond to pure BrC particles. The MAC532 reported here is calculated 

based on the correction for adsorbed VOCs as described in section 2.2.2. a) MAC532 versus AAE 

between 782 nm and 532 nm (AAE782-532). The dotted magenta line is an exponential-decay fit 

(AAE = (8.41±0.85) exp ((-1.47±0.23) MAC532) +1, R2=0.9793). The dotted black line is a power-

law fit (AAE = (2.87±0.14) MAC532
-0.65±0.04, R2=0.9863). and b) MAC532 versus AAE between 532 

nm and 422 nm (AAE532-422). The dotted magenta line is an exponential-decay fit (AAE = 
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(7.42±0.73) exp ((-0.45±0.09) MAC532) +1, R2=0.9115). The dotted black line is a power-law fit 

(AAE = (4.88±0.17) MAC532
-0.39±0.03, R2=0.9713). Error bars represent measurement uncertainty. 

 

Figure S2.7. Elemental carbon-to-organic-carbon ratio (EC/OC) versus modified equivalence 

ratio (Φ’) for all experiments. Error bars represent measurement uncertainty. The shaded region 

corresponds to mixed BrC+BC particles, and the non-shaded region corresponds to pure BrC 

particles. Error bars represent measurement uncertainty. The EC/OC reported here is not corrected 

for adsorbed VOCs. The EC/OC corrected for adsorbed VOCs is shown in the main text Figure 

2.5. 
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Figure S2.8. Parameterizing the light-absorption properties of combustion carbonaceous aerosols 

as a function of EC/OC. The MAC reported here is not corrected for adsorbed VOCs. The MAC 

corrected for adsorbed VOCs is shown in the main text Figure 2.6. Error bars represent 

measurement uncertainty, and dotted magenta lines are power-law fits.  a) mass absorption cross-

section at 532 nm (MAC532) versus EC/OC. The fit logarithmic fit equation is MAC532 = 

(0.83±0.17) log (EC/OC) +(3.53±0.44), R2 = 0.8492. b) absorption Ångström exponent (AAE) 

versus EC/OC. The fit power-law fit equation is AAE = (1.11±0.19) EC/OC-0.41±0.04+1, R2=0.9723.  
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APPENDIX B 

SUPPLEMENTAL INFORMATION FOR CHAPTER 3 

EVALUTION OF THE LIGHT-ABSORTPION PROPERTIES OF COMBUSTION BROWN 

CARBON AEROSOLS FOLLWING REACTION WITH NITRATE RADICALS 
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S3.1. Estimation of NO3 exposure levels: 

NO3 exposure levels (NO3,exp) were estimated from the decay of two tracers, butanal and 

thiophene, that were introduced at the oxidation flow reactor (OFR) inlet and detected with a Vocus 

Proton Transfer Reaction Time-of-Flight Mass Spectrometer (PTR-MS, Tofwerk/Aerodyne) 

(Krechmer et al. 2018). Assuming first-order reactive loss to NO3, the tracer concentration is 

expressed as: 

d[tracer]

d𝑡
= [tracer]oexp (−𝑘NO3

[NO3]𝑡)       (S3.1) 

Where [tracer]o and [tracer] are the initial and time-dependent tracer concentrations, respectively, 

and [NO3] is the time-independent NO3 concentration. kNO3 is the reaction rate constant with NO3 

reported in the literature (Atkinson 1991; D’Anna et al. 2001). Integrating equation (S3.1) yields:  

− ln (
[tracer]

[tracer]o
) = 𝑘NO3

[NO3]∆𝑡         (S3.2) 

NO3, exp is the integrated NO3 concentration over time, and can be obtained as  

NO3,exp =  ln (
[tracer]o

[tracer]
) /𝑘NO3

         (S3.3) 

where [tracer]o and [tracer] are obtained from the PTR-MS measurements. 

S3.2. Mass balance calculations for main text Section 3.3.2.3: 

We performed elemental (C, N, O) mass balance on the OA measured by the AMS / SP-AMS 

before and after oxidation to estimate the relative contribution of SOA condensation versus 

heterogeneous oxidation to the increase in OA mass concentration after oxidation with NO3. To 
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do so, we converted the O/C, N/C, and H/C obtained from the AMS / SP-AMS measurements 

(main text Section 3.3.2.2) to a mass basis. By applying the constraint mOA = mC + mN + mO + mH, 

where mOA is the OA mass concentration, mC is the carbon mass concentration, etc., we obtained 

a system of equations and solved for mC, mN, mO, and mH for the unoxidized and oxidized BrC. 

We then calculated the increase in the mass concentration of each element after oxidation (ΔmC, 

ΔmN, ΔmO, ΔmH). Since heterogeneous oxidation only adds N and O to the particles, ΔmC is only 

associated with SOA condensation. 

To apportion the added N- and O-containing functional groups between SOA condensation and 

heterogeneous oxidation, we assumed that the SOA molecules contained 10-18 carbons, 0-1 

nitrogens, and 2-4 oxygens (see main text Section 3.3.2.3 for the rationale behind these 

assumptions). For each assumed combination of carbon, nitrogen, and oxygen numbers, the 

oxygen and nitrogen mass contributed by SOA condensation can be calculated as: 

∆𝑚N,SOA = (N C)SOA⁄ ×
14 g 𝑚𝑜𝑙−1

12 g 𝑚𝑜𝑙−1 × ∆𝑚C       (S3.4) 

∆𝑚O,SOA = (O C)SOA⁄ ×
16 g 𝑚𝑜𝑙−1

12 g 𝑚𝑜𝑙−1 × ∆𝑚C       (S3.5) 

The contribution of heterogeneous oxidation to the increase in nitrogen and oxygen mass of the 

oxidized particles can then be calculated as: 

∆𝑚N,het = ∆𝑚N − ∆𝑚N,SOA         (S3.6) 

∆𝑚O,het = ∆𝑚O − ∆𝑚O,SOA         (S3.7) 

Finally, the ratios in Figure 3.6 in the main text are calculated as: 
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∆Nhet/∆Ntot = ∆𝑚N,het/∆𝑚N        (S3.8) 

∆Ohet/∆Otot = ∆𝑚O,het/∆𝑚O        (S3.9) 

Table S3.1. Summary of experimental data 

  Light BrC Medium BrC Dark BrC 

 unoxidized oxidized unoxidized oxidized unoxidized oxidized 

NO3 

exposure 

(molec cm-

3 sec) 

0 5.2×1013 0 5.2×1013 0 5.2×1013 

SMPS 

mass 

concentrati

on 

(μg m-3) 

236 324 261 84 109 145 

AMS OA  

(μg m-3) 
84.1 110.5 61.7 86.1 3.5 6.2 

AMS 

nitrates 

(μg m-3) 

1.3 7.9 1.2 11.1 0.8 1.8 

AMS 

NO+:NO2
+ 

1.6 1.9 1.3 1.6 1.9 2.1 

AMS O/C a 0.15 0.24 0.17 0.34 0.90 0.94 

AMS H/C b 0.78 0.80 0.76 0.80 1.04 0.95 

AMS N/C c 0.01 0.03 0.01 0.06 0.11 0.20 

SP-AMS 

OA (μg m-

3) 

4 48.6 No data No data 17.7 31.0 

SP-AMS 

nitrates  

(μg m-3) 

0.2 3.0 No data No data 1.8 5.0 
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a ±12% uncertainty in O/C (Canagaratna et al. 2015). 
b ±4% uncertainty in H/C (Canagaratna et al. 2015). 
c ±12% uncertainty in N/C (Aiken, Decarlo, and Jimenez 2007). 
d uncertainties represent the standard deviations over time for one experiment. 

SP-AMS 

NO+:NO2
+ 

2.1 1.2 No data No data 1.4 1.3 

SP-AMS 

O/C a 
0.59 0.26 No data No data 0.35 0.46 

SP-AMS 

H/C b 
1.04 1.00 No data No data 0.88 0.97 

SP-AMS 

N/C c 
0.02 0.02 No data No data 0.04 0.07 

SP-AMS 

BC  

(μg m-3) 

0.2 0.4 No data No data 4.3 6.4 

MAC471 

(g m-2) d 

0.36 ± 

8.3% 

0.33 ± 

3.0% 
0.92 ± 5.4% 

1.01 ± 

1.6% 
1.70 ± 7.1% 

1.86 ± 

2.7% 

MAC532 

(g m-2) d 

0.13 ± 

7.7% 

0.17 ± 

1.8% 
0.41 ± 2.4% 

0.53 ± 

2.1% 
1.39 ± 9.4% 

1.34 ± 

1.5% 

MAC671 

(g m-2) d 

0.04 ± 

5.0% 

0.09 

±4.4% 
0.23 ± 4.3% 

0.27 ± 

2.0% 
0.95 ± 9.5% 

0.93 ± 

2.2% 

AAE d 8.0 ± 6.3% 4.4 ± 2.3% 5.2 ± 3.8% 4.3 ± 1.2% 1.7 ± 5.9% 2.0 ± 5.0% 

k473 
d 

0.021 ± 

9.5% 

0.019 ± 

2.1% 

0.053 ± 

3.8% 

0.057 ± 

3.5% 

0.099 ± 

7.1% 

0.106 ± 

2.8% 

k532 
d 

0.008 ± 

3.8% 

0.011 ± 

1.8% 

0.026 ± 

3.8% 

0.034 ± 

2.9% 

0.091 ± 

9.9% 

0.088 ± 

2.3% 

k671
 d 

0.004 ± 

5.0% 

0.008 ± 

5.0% 

0.020 ± 

5.0% 

0.024 ± 

0.4% 

0.081 ± 

9.9% 

0.079 ± 

2.5% 

w d 6.2 ± 8.1% 2.9 ± 6.9% 3.6 ± 0.3% 2.8 ± 3.6% 0.6 ± 15.7% 
0.8 ± 

12.9% 
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Figure S3.1. Typical SMPS relative volume distribution of unoxidized (blue) and oxidized (red). 

(a) light BrC. (b) medium BrC. (c) dark BrC. 
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Figure S3.2. Time series of toluene and C10-C13 gas-phase PAHs emitted from the combustion 

source and measured with Vocus PTR-MS.  
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Figure S3.3. Expanded AMS HR spectrum of unoxidized light BrC that corresponds to the AMS 

HR spectrum shown in Figure 3.4a of the main paper.  
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Figure S3.4. Expanded AMS HR spectrum of oxidized light BrC that corresponds to the AMS HR 

spectrum shown in Figure 3.4b of the main paper.  
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Figure S3.5. Expanded SP-AMS HR spectrum of unoxidized light BrC that corresponds to the 

SP-AMS HR spectrum shown in Figure 3.4c of the main paper.  
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Figure S3.6. Expanded SP-AMS HR spectrum of oxidized light BrC that corresponds to the SP-

AMS HR spectrum shown in Figure 3.4d of the main paper.  
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APPENDIX C 

SUPPLEMENTAL INFORMATION FOR CHAPTER 4 

DISCREPANCIES BETWEEN BRWON CARBON LIGHT-ABSORPTION PROPERTIES 

RETRIEVED USING ONLINE AND OFFLINE SOLVENT-EXTRACTION METHODS 
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S4.1. Quantifying the bias in carbon mass concentration of DCM-extracted brown carbon: 

We performed blank experiments (n = 3) and control experiments (n = 10) to quantiafy the amount 

carbon extracted from the clean PTFE by DCM. In the blank experiments, we sonicated a piece of 

clean filter in 10 mL DCM for 20 minutes and measured the carbon mass concentration in the 

solution following the procedure in Section 4.2.3 in the main text. We measured  0.025 ± 0.001 g/l 

carbon in the DCM solution. In the control experiments, we collected 10 filters of BrC with 

variable light-absorptiob properties, each with a loading of ~0.25 mg. We then cut each filter into 

two approximately equal pieces and sonicated one piece in 10 ml DCM and the second piece in 10 

ml DCM with an additional piece of clean filter. The carbon concentrations in solutions with 

additional piece of clean filter were 0.026 ± 0.002g/l larger than those with no additional filter. We 

concluded that DCM extracted approximately 0.026 g/l of organic carbon from the PTFE filter, 

and used this values to correct the concentrations of the DCM-extracted BrC. 

S4.2. Derivation of Equation (4.3) and Equation (4.4) in the main text 

Based on the Beer-Lambert Law: 

𝐼(x) = 𝐼(0) exp (−𝑏V 𝐿)         (S4.1) 

𝐴 = log (
𝐼(0)

𝐼(x)
)           (S4.2) 

Where I(x) is the intensity at position x on the leaser path, A is the absorbance measured by the 

UV-Vis spectrometer, L is the laser path length, and bV is the volume absorption coefficient of the 

material dissolved in the solution with a unit of Mm-1. Therefore, we can rearrange Equation (S4.1) 

and substituted it into Equation (S4.2) and get: 
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𝑏V =
𝐴

𝑙
ln (10)           (S4.3) 

Then we can divide both sides by the mass concentration of the material dissolved in the solution 

(C, g cm-3) 

𝑏V

𝐶
=

𝐴

𝑙 𝐶
ln (10)            (S4.4) 

bV is given by: 

𝑏V = 𝜎 𝑁           (S4.5) 

Where σ is the absorption cross-section (cm2) of the material dissolved in the solution and N is the 

molecular concentration of the material dissolved in the solution (molec. m-3).  

C is given by:  

𝐶 =
𝑁 MW 

𝑁𝐴
           (S4.6) 

Where MW is the molecular weight of the material dissolved in the solution and NA is Avogadro's 

number. we can substitute Equations (S4.5) and (S4.6) into Equation (S4.4) to obtain: 

𝑏V

𝐶
=  

𝜎 𝑁

𝑁 MW/𝑁𝐴
=  

𝜎 N𝐴

 MW
          (S4.7) 

The absorption coefficient of the material dissolved in the solution (α; cm-1) is given by: 

𝛼 = 𝜎 
𝑛

𝑉
 N𝐴           (S4.8) 
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Where n is the number of moles of material dissolved in the solution, and V is the volume of the 

solution. The density (ρ, g cm3) of the dissolved material is given by: 

𝜌 = 𝑀𝑊 
𝑛

𝑉
            (S4.9) 

Substitute Equations (S4.7), (S4.8), and (S4.9) into Equation (S4.4), we get: 

𝛼

𝜌
=

𝜎 N𝐴

 MW
=   

𝑏V

𝐶
=  

𝐴

𝑙 𝐶
ln (10)          (S4.10) 

S4.3. Uncertainty analysis: 

Uncertainties of the carbon concentration measured by the OC-EC analyzer were calculated based 

on the manufacturer’s specifications as: 

𝑚TC,unc = ±(0.30 μg + 0.05 𝑚𝑇𝐶)        (S4.11) 

Where mTC is the mass loading of TC put on the prebaked quartz filter.  

The uncertainty of the aerosol mass concentration (CBrC, unc) was calculated as: 

𝐶BrC,unc =  
𝑚TC,unc

𝑉
          (S4.12) 

Where V is the pipetted extracts volume.  

The uncertainty in the imaginary part of the refractive index retrieved from UV-vis measurement 

(kUV-vis, unc) was calculated as: 

𝑘UV−vis,unc =
λ ρ ln10

4𝜋
√(𝐴unc/𝐴)2 + (𝐶BrC,unc/𝐶BrC)2     (S4.13) 



 

192 

Where A is the absorbance of extracted BrC, Aunc is the uncertainty of absorbance measurement 

reported from the manufacturer (=0.01),  CBrC is the extracted BrC mass concentration, ρ is the 

estimated density of extracted BrC, and λ is the wavelength. 

Table S4.1. Summary of experimental data 

Toluene 

Aerosol 

Equivalence 

ratio 
1.3 2.5 1.1 2.2 

k422 0.200±5.2% 0.204±10.1% 0.097±11.3% 0.042±7.2% 

k532 0.086±7.7% 0.072±17.8% 0.026±11.8% 0.005±7.5% 

k550 0.077±7.8% 0.055±7.0% 0.022±11.8% 0.004±7.5% 

k782 0.037±13.5% 0.021±35.3% 0.003±23.0% 0.0005±11.0% 

w 3.3±6.7% 4.4±11.0% 5.7±5.9% 9.2±1.2% 

DCM-

extracts 

C (g l-1) 0.040±11.17% 0.055±10.7% 0.057±9.8% 0.053±9.2% 

k422 0.124±13.4% 0.104±13.1 0.075±12.1% 0.044±11.3% 

k532 0.040±13.4% 0.031±13.1% 0.018±12.1% 0.007±11.3% 

k550 0.035±13.4% 0.025±13.1% 0.014±12.1% 0.006±11.3% 

k782 0.005±13.4% 0.003±13.1% 0.002±12.1% 0.001±11.3% 

w 5.2±0.4% 5.6±0.5% 6.3±0.4% 7.6±1.7% 
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Methanol-

extracts 

C (g l-1) 0.034±10.3% 0.041±9.3% 0.030±10.0% 0.060±8.8% 

k422 0.082±10.3% 0.084±9.3% 0.075±10.0% 0.036±8.8% 

k532 0.016±10.3% 0.012±9.3% 0.009±10.0% 0.003±8.8% 

k550 0.012±10.3% 0.009±9.4% 0.006±10.0% 0.002±8.8% 

k782 0.001±10.3% 0.001±9.3% 0.001±10.0% 0.001±8.8% 

w 7.3±0.7% 8.4±0.7% 9.3±0.8% 10.9±0.6% 

Isooctane  

Aerosol 

Equivalence 

ratio 4.6 3.5 3.5 

k422 0.246±7.0% 0.173±7.3% 0.085±10.7% 

k532 0.110±12.2% 0.046±9.4% 0.014±19.1% 

k550 0.115±7.6% 0.039±9.6% 0.011±19.2% 

k782 0.041±17.4% 0.014±18.2% 0.002±70.4% 

w 3.3±9.0% 5.5±7.7% 7.7±7.7% 

DCM-

extracts 

C (g l-1) 0.050±11.2% 0.059±6.6% 0.071±6.5% 

k422 0.130±13.6% 0.112±10.5% 0.048±10.0% 

k532 0.051±13.6% 0.023±10.5% 0.007±10.0% 
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k550 0.043±13.6% 0.018±10.5% 0.006±10.0% 

k782 0.005±13.6% 0.002±10.5% 0.001±10.0% 

w 4.9±1.1% 7.2±1.8% 8.3±1.9% 

Methanol-

extracts 

C (g l-1) 0.028±10.3% 0.033±9.6% 0.057±7.7% 

k422 0.089±10.3% 0.109±9.6% 0.073±7.7% 

k532 0.016±10.3% 0.012±9.6% 0.007±7.7% 

k782 0.002±10.3% 0.001±9.6% 0.001±7.7% 

w 7.5±1.0% 10.2±2.0% 10.5±1.8% 

Cyclohexane 

Aerosol 

Equivalence 

ratio 
3.3 3.3 3.3 

k423 0.240±12.6% 0.145±11.2% 0.124±14.6% 

k532 0.101±13.6% 0.048±17.7% 0.025±17.6% 

k550 0.096±9.0% 0.042±12.1% 0.020±17.7% 

k782 0.037±23.9% 0.026±19.9% 0.003±41.8% 

w 3.5±12.4% 4.2±12.5% 6.9±5.3% 

DCM-

extracts 
C (g l-1) 0.040±7.8% 0.059±6.6% 0.077±6.1% 
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k423 0.154±12.4% 0.106±10.5% 0.077±9.6% 

k532 0.053±12.4% 0.021±10.5% 0.013±9.6% 

k550 0.044±12.4% 0.016±10.5% 0.010±9.6% 

k782 0.004±12.4% 0.002±10.5% 0.001±9.6% 

w 5.5±1.7% 7.4±1.8% 7.9±1.6% 

Methanol-

extracts 

C (g l-1) 0.024±11.2% 0.046±8.3% 0.056±7.7% 

k423 0.141±11.2% 0.094±8.3% 0.084±7.7% 

k532 0.025±11.2% 0.012±8.3% 0.009±7.7% 

k550 0.019±11.2% 0.008±8.3% 0.007±7.2% 

k782 0.001±11.2% 0.002±8.3% 0.001±7.7% 

w 7.7±2.0% 9.3±1.9% 9.6±1.7% 
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Table S4.2 Validation of the carbon mass concentration measurements (Section 4.2.4 in the main 

text) using pyrene solutions 

  

expected 

concentration 

(g l-1) 

measured 

concentration 

(g l-1) 

% 

error 

Methanol 

0.950 0.938 1.3 

0.059 0.056 5.1 

0.086 0.083 4.2 

DCM 

0.941 0.929 1.3 

0.059 0.055 6.6 

0.086 0.083 3.2 
 


