
 

 

 

AN INVESTIGATION INTO THE PHYSICOCHEMICAL PROPERTIES AND TOXICITY OF BIOMASS 

COMBUSTION EMISSIONS 

by 

Khairallah Atwi 

(Under the Direction of Rawad Saleh) 

ABSTRACT 

Brown carbon (BrC) particles, emitted from incomplete combustion, are characterized by a large 

uncertainty in their light-absorption properties (defined as the imaginary component of the index 

of refraction, k). In this work, we present a method to isolate different classes of BrC, capitalizing 

on the correlation between BrC’s light absorption properties and their solubility in organic 

solvents such as methanol. Therein, we divided BrC produced from biomass combustion into a 

methanol-soluble (MSBrC) and a methanol-insoluble (MISBrC) fraction and estimated the 

average light-absorption properties of each. We found that, although the MSBrC fraction 

dominated the BrC by mass (~90%), a major fraction of light absorption (~70% at 532 nm) was 

contributed by the MIBrC. Further, k values for the MIBrC were typically 2 orders of magnitude 

larger than those of the MSBrC at 532 nm.  

The physicochemical properties of BrC are associated with the combustion conditions under 

which they were produced. This variability in physicochemical properties could cause different 

toxicity outcomes. To evaluate the importance of combustion conditions, we used a highly 

controlled combustion setup, simulating smoldering and flaming combustion, to produce BrC 



 

from the combustion of toluene. We then exposed cells in vitro to the produced BrC at different 

exposures and assessed the cell viability (using WST-8) after 24 hours. We found that the BrC 

produced at the lower temperatures (smoldering) was significantly more toxic than the BrC 

produced at the higher temperature (flaming), with cell viabilities of 25% and 65%, respectively, 

at the highest exposure.        

After they are emitted, biomass combustion emissions evolve in the atmosphere, undergoing 

myriad processes, such as oxidation and evaporation, that lead to fundamentally different 

particle compositions over time. Inside an environmental chamber, we burnt biomass fuels and 

initiated photooxidation reactions to simulate such atmospheric evolution. We collected fresh 

and aged particles and evaluated their toxicity to cells using the WST-8 cell viability assay. We 

found that the fresh particles were significantly more toxic to cells than the aged ones. 
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CHAPTER 1 

INTRODUCTION 

1.1 Introduction 

Incomplete combustion produces high concentrations of light absorbing particles which have a 

direct impact on air quality and the earth’s radiative balance. Those particles are divided 

according to their light absorption properties into the absorbing black carbon (BC) and the 

moderately to weakly absorbing brown carbon (BrC). The warming potential attributed to BC is 

one of the most important contributors to climate change, along with carbon dioxide and 

methane (Pachauri et al., 2014). However, a large uncertainty remains associated with the 

warming by BC, partly due to the unaccounted-for warming contribution of BrC. The more recent 

understanding of BrC estimates that, though a weaker light absorber than BC, BrC contributes up 

to 50% of the light absorption at short wavelengths and is responsible for about 25% of the 

radiative forcing caused by light absorbing aerosols (Zhang et al., 2017;Wang et al., 2014;Feng et 

al., 2013a).  

BrC is largely emitted in the fuel rich combustion occurring in wildland fires. However, BrC can 

also be formed via secondary process in the atmosphere (Moise et al., 2015;Lin et al., 2015;Li et 

al., 2019) or undergo chemical reactions that change its chemical composition and light 

absorption properties (Forrister et al., 2015;Wong et al., 2017;Cheng et al., 2020). Unlike BC, the 

chemical makeup and properties of which are relatively well defined, BrC comprises myriad 

species of different molecular sizes, volatility, solubility, and light absorption properties (Laskin 
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et al., 2015;Feng et al., 2013b;Andreae and Gelencsér, 2006). While there have been suggestions 

that the light absorption properties of BrC are determined by the nature of the fuel or the type 

of combustion (e.g. pyrolysis of wood vs flaming), we have shown, in work separate from this 

dissertation, that those instead depend on the combustion conditions in a continuous fashion, 

with less fuel-rich conditions producing progressively darker products (Saleh et al., 2014;Saleh et 

al., 2018b). In other words, fuel-rich combustion at lower temperatures produces particles with 

weak light absorption that has a high wavelength dependence, whereas progressively higher air-

fuel ratios and higher combustion temperatures produce organics with stronger light absorption 

and weaker wavelength dependence, approaching the light absorption properties of BC. 

Following this line of thought, we have proposed the hypothesis that BrC is emitted as the 

arrested-in-formation BC, such that the production of BC proceeds through the formation of the 

BrC intermediaries. Extending this framework to the molecular realm, combustion-emitted BrC 

would then represent the precursor organics necessary for the formation of BC and would thus 

fill the space of species (and molecular sizes) between the parent fuels and the large 

carbonaceous structures in BC. Those findings are not foreign to the combustion literature. The 

dependence of the molecular sizes and optical properties of particulate emissions on flame 

conditions has been previously reported with a similar pattern to that suggested above 

(Simonsson et al., 2015;Leschowski et al., 2015;López-Yglesias et al., 2014;Minutolo et al., 1996). 

Here, we will focus on BrC produced in incomplete combustion. To understand the chemical 

composition of combustion-derived BrC, it is essential to describe the formation of pollutant 

species in incomplete combustion. Combustion begins at elevated temperatures with the 

decomposition of a fuel, a hydrocarbon (HC), into radicals or other stable hydrocarbons 
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(Frenklach, 2002;McEnally et al., 2006;Wang, 2011). When combustion is incomplete, those 

radicals react to form stable species, such as aromatics, which constitute the backbone for further 

molecular growth into the polycyclic aromatic hydrocarbons that make up the various gaseous 

and particulate emissions. This molecular growth proceeds by producing species that extend 

from incipient soot (i.e., the first condensable emissions of combustion, with the smallest 

molecular sizes) to BC (representing the final product of combustion, with very large molecular 

sizes). The space between the first produced, or nascent, soot and BC is occupied by various 

intermediate organic species (Frenklach, 2002;Wang, 2011). Because of their light absorption 

properties and brown appearance, the intermediate organics are known as BrC. The properties 

of BrC produced in combustion vary significantly, largely due to variations in combustion 

conditions such as temperature and air-to-fuel ratio (Cheng et al., 2019;Saleh et al., 2018b). 

Those conditions dictate the extent of the molecular growth of BrC (Saleh et al., 2018a) and the 

associated physicochemical properties which influence the climate and health impacts of BrC 

(Saleh, 2020;Kim et al., 2018;Leskinen et al., 2014;Bølling et al., 2009). One of the aims of this 

dissertation is to develop an understanding of the different properties of BrC in order to facilitate 

their representation in climate models. Further, we leverage our understanding of the 

physicochemical properties of combustion products to investigate their effects on toxicological 

endpoints.   

1.2 The light absorption properties of BrC 

The light-absorption properties of BrC, described by the imaginary component of the index of 

refraction, k, can vary greatly (Saleh, 2020). Values of k at mid-visible wavelengths for different 

species of BrC have been reported between 10-4
 and 10-1, spanning several orders of magnitude 



4 

 

(McClure et al., 2020;Saleh et al., 2018;Lambe et al., 2013;Updyke et al., 2012;Cheng et al., 

2020;Corbin et al., 2019). At the same time, the wavelength dependence of BrC absorption is also 

highly variable, with larger wavelength dependence exhibited by the less absorbing BrC (Saleh et 

al., 2014;Kumar et al., 2018;Xie et al., 2018;Saleh et al., 2018;Cheng et al., 2019;McClure et al., 

2020). While BrC was originally thought to be solely produced by low-temperature, smoldering 

biomass combustion, more recent work has identified BrC species emitted from both the 

combustion of liquid fuels (Cheng et al., 2019;Corbin et al., 2019;Bai et al., 2020) and the higher 

temperature combustion of biomass fuels (Saleh et al., 2014;Kumar et al., 2018;McClure et al., 

2020;Xie et al., 2018). In addition, the operational definitions of BrC have expanded to include 

strongly absorbing, nonvolatile, and refractory species (Saleh, 2020;Shetty et al., 2021;Saleh et 

al., 2018;Corbin et al., 2019).  

Thus, the umbrella term BrC covers a range of organic species with widely varying light-

absorption and physicochemical properties. This broad range of properties causes a large 

uncertainty associated with the contribution of BrC to the radiative balance in the atmosphere. 

In particular, the majority of climate models that represent BrC absorption use a singular set of 

parameters (i.e., k values) to represent the various light-absorbing organic species due to the 

difficulty of including a more complex representation. This can underestimate the direct radiative 

effect of BrC by skewing towards the less-absorbing species, partly due to a dated understanding 

of BrC that excludes absorption at longer wavelengths. An effective representation of BrC in 

climate models must thus reduce the complexity associated with representing thousands of 

species while, at the same time, effectively capture the relevant light-absorption and 

physicochemical properties. 
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1.3 The toxicity of combustion particulate matter  

Primary combustion particulate matter (PM), emitted from various combustion sources, is 

associated with increased morbidity through cardiovascular and cardiopulmonary diseases (Pope 

III and Dockery, 2006;Donaldson et al., 2005). Primary combustion PM is ubiquitous, contributing 

one to two thirds of all carbonaceous PM over the continental United States (Park et al., 2003;Yu 

et al., 2004;Bond et al., 2004). There are numerous sources of combustion PM, including the 

combustion of fossil fuels and biofuels (transportation, power generation, industrial applications) 

and the combustion of solid biomass in domestic heating and cooking as well as agricultural 

burning and forest fires. Despite the prevalence of combustion PM, there are lingering gaps in 

our understanding of its health effects (Black et al., 2017). The composition of combustion PM is 

highly complex, with varying fractions of organic carbon (OC) and elemental carbon (EC), 

inorganics, metals, ions, and ash (Hays et al., 2005;Fine et al., 2002;Liu et al., 2017). While all of 

those species have been associated with toxicological and health impacts, their relative 

importance is unclear (Dilger et al., 2016;Kasurinen et al., 2017;Reisen et al., 2015). Importantly, 

the composition of combustion PM is dependent not only on the source, but also on combustion 

conditions (Saleh, 2020;McClure et al., 2020). Therefore, even for the same fuel, differences in 

combustion conditions have been found to induce differences in toxicity of the emitted PM (Kim 

et al., 2019;Bølling et al., 2012;Tapanainen et al., 2011;Leskinen et al., 2014).  

1.3.1 The influence of combustion conditions on toxicity  

Several studies have compared the impacts of combustion conditions on the toxicological effects 

of particulate matter by using setups such as biomass burners, residential heating equipment, 

stoves, and pellet boilers (Leskinen et al., 2014;Bølling et al., 2012;Kocbach et al., 2008;Kim et al., 
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2018;Kim et al., 2019;Happo et al., 2013). The results emerging from the different studies, 

however, point in different directions.  

Bølling et al. (2012) found that particulate matter (PM) emitted from the combustion of wood in 

a cast-iron wood stove at low temperatures (500-800 °C) caused a higher cytotoxic response than 

PM emitted at higher temperatures (700-1000 °C). Similar results were reported by Kocbach et 

al. (2008) for PM emitted from the combustion of wood in a conventional stove burning birch 

wood at 700-1000 °C. As discussed earlier, lower combustion temperatures typically imply less 

efficient combustion conditions. Thus, the above the findings also agree with reports of higher 

PM toxicity from the inefficient operation of masonry heaters (Jalava et al., 2010;Tapanainen et 

al., 2011).   

On the other hand, other studies reported that the PM from higher temperature combustion 

conditions were more toxic. Happo et al. (2013) found that particulate emissions from newer 

biomass heating appliances, which are typically more efficient and achieve higher combustion 

temperatures than older technologies, induced higher inflammatory, cytotoxic, and genotoxic 

responses. Uski et al. (2014) compared the toxicity of PM from smoldering and efficient 

combustion in heating appliances and found that, while the PM emitted under smoldering 

conditions caused greater DNA damage and cell death, those emitted from more efficient 

combustion were more effective in decreasing metabolic activity and causing oxidative stress. 

Kim et al. (2018) compared the toxicity induced in mice respiratory systems by PM from the 

combustion of different biomass fuels under smoldering and flaming conditions. They found that 

the latter had higher toxic and mutagenic potencies per unit mass of emitted PM. In a follow-up 

study in which the mice directly inhaled the biomass combustion emissions, they found that lung 
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inflammation caused by peat and eucalyptus smoke under both flaming and smoldering 

conditions was not reproduced with oak smoke (Kim et al., 2019).   

Clearly, the results from different studies have not converged to determine which combustion 

regime generates the more toxic PM. A possible explanation of this discrepancy is the difficulty 

in controlling conditions, particularly in the case of biomass combustion. To conduct a systematic 

comparison of the toxicity of PM from different combustion conditions, it is essential to ensure 

that the combustion conditions are spatially uniform and stable for the duration of the 

experiment. 

1.3.2 Atmospheric aging of combustion emissions and its effect on toxicity  

Immediately after they are emitted, organic combustion emissions undergo processes that 

change their chemical identity and alter their phase state (Garofalo et al., 2019;Cappa et al., 

2020;Hodshire et al., 2019). Downstream of the combustion source, primary organic aerosols 

(POA), i.e., those that are emitted in the particle phase at the source, react with atmospheric 

oxidants such as ozone and hydroxyl radicals, becoming more oxidized, with higher O:C ratios 

(Cappa et al., 2020;Hodshire et al., 2019). Primary particles could also undergo further changes 

due to photolytic aging (Wong et al., 2017). In addition, species emitted in the vapor phase can 

undergo photooxidation reactions, decreasing their volatility and leading to their condensation 

into the particle phase, thus forming secondary organic aerosols (SOA) (Ahern et al., 

2019;Akherati et al., 2020). In a competing mechanism, the dilution of combustion plumes as 

they move away from the source leads to the evaporation of the more volatile components of 

the particles. These processes lead to fundamentally different particle compositions as 

combustion emissions evolve in the atmosphere and reach human populations, with possible 
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implications for their effect on human health. While there have been numerous studies 

documenting the effects of biomass combustion emissions on health (Holm et al., 2021;Naeher 

et al., 2007), there are no studies that we are aware of that have looked systematically at the 

impact of atmospheric aging on the in vitro or in vivo toxicity of biomass combustion emissions. 

We have found two studies that compared the oxidative potential (OP) of fresh and aged BBOA 

using the dithiothreitol (DTT) chemical assay (Wong et al., 2019;Jiang and Jang, 2018). Wong et 

al. (2019) used field and laboratory data to compare the effect of atmospheric transport time 

(field) and different aging mechanisms (laboratory) on the BBOA’s OP. They reported a 50% 

increase in the OP of field BBOA after only a few hours of atmospheric transport, with relatively 

stable OP after that. In their laboratory experiments, however, they found that the aging of BBOA 

by photolysis increased their OP initially only to cause a decline after some time, while aqueous 

OH oxidation rapidly led to a significant decline in OP. They also examined the effects of dilution 

and found that the reduction of water-soluble organic content, as the more volatile species 

evaporated, led to a large increase in OP. Jiang and Jang (2018) measured the DTT activity of 

wood smoke particles over a period of several hours of photooxidation. They found that the 

photochemical aging of the particles led to a significant decrease in their OP, which they 

attributed to the decomposition of oxidizers. In all, those studies showed that atmospheric 

processes can have a significant effect on the OP of BBOA. 

1.4 Specific aims and summary of chapters 

The objectives of this dissertation can be divided into three parts. In the first, we investigate the 

relation between the physicochemical properties of biomass combustion BrC, specifically their 

solubility, and their light absorption properties. In the second, we conduct controlled 
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experiments simulating smoldering and flaming combustion to determine the effect of 

combustion conditions on the toxicity of BrC. Finally, we examine the effects of photolytic aging 

on the toxicity of biomass combustion emissions. In what follows, I include a summary of the 

aims and findings of each chapter. 

1.4.1 Chapter 2 – “A dominant contribution to light absorption by methanol-insoluble 

brown carbon produced in the combustion of biomass fuels” 

The light-absorption properties of brown carbon (BrC) are often estimated using offline, solvent-

extraction methods. However, recent studies have found evidence of insoluble species of BrC 

which are unaccounted for in solvent-extraction. In this chapter, we produced carbonaceous 

aerosol particles from the combustion of three biomass fuels (dead pine needles, hickory twigs, 

and dead oak foliage). We utilized a combination of online and offline measurements and optical 

calculations to estimate the mass fractions and contribution to light absorption by methanol-

soluble BrC (MSBrC), methanol-insoluble BrC (MIBrC), and elemental carbon (EC). Averaged over 

all experiments, the majority of the carbonaceous aerosol species were attributed to MSBrC (90% 

± 5%), while MIBrC and EC constituted 9% ± 5% and 1% ± 0.5%, respectively. The BrC produced 

in all experiments was moderately absorbing, with an imaginary component of the refractive 

index (k) at 532 nm ranging between 0.01 and 0.05. However, the k values at 532 nm of the 

MSBrC (0.004 ± 0.002) and MIBrC (0.211 ± 0.113) fractions were separated by orders of 

magnitude, with MSBrC categorized as weakly absorbing BrC and MIBrC as strongly absorbing 

BrC. Consequently, even though MSBrC constituted the majority of the aerosol mass, MIBrC had 

a dominant contribution to light absorption at 532 nm (72% ± 11%). Those findings provide 

support for previous reports of the existence of strongly absorbing, insoluble BrC species and 
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indicate that relying on methanol extraction to characterize BrC in biomass-burning emissions 

would severely underestimate its absorption. 

1.4.2 Chapter 3 – “Physicochemical properties and cytotoxicity of brown carbon 

produced under different combustion conditions” 

In this chapter, we investigate the effect of combustion conditions on the molecular sizes of BrC, 

their light-absorption properties, and their cytotoxicity. We used toluene in a combustion reactor 

with highly controlled conditions to produce two different types of BrC under two conditions 

corresponding to smoldering and near-flaming combustion, with temperatures of 670 °C and 

1035 °C, respectively. We performed online measurements of the size distributions and light-

absorption properties of the BrC. The BrC produced at 1035 °C was more light absorbing, with an 

imaginary component of the refractive index at 532 nm (k532) an order of magnitude larger than 

that of the BrC produced at 670 °C. We also collected samples for offline chemical 

characterization using laser desorption ionization (LDI) mass spectrometry. The LDI mass spectra 

showed that the BrC produced at 1035 °C was composed of species with significantly larger 

molecular sizes than the BrC produced at 670 °C. Using human lung epithelial cells, we conducted 

in vitro cytotoxicity analysis on the two types of BrC with doses ranging from 3.5 to 136.0 µg of 

BrC/ml. After 24-h exposure, the viability of the cells was assessed using a WST-8 assay. The 

cytotoxicity analysis showed that, for both BrC samples, the cells exhibited a clear dose-

dependent response with significant BrC cytotoxicity that plateaued at the higher doses. 

However, while the viability of cells exposed to the BrC produced at 1035 °C reached a minimum 

of around 65% at the highest dose, the BrC produced at 670 °C proved to be significantly more 

toxic, with the viability dropping asymptotically to 25%. The results presented here suggest that 
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organic PM of smaller molecular sizes produced under lower temperature, smoldering 

combustion could be significantly more toxic than those of larger molecular sizes produced under 

higher temperature, flaming conditions. The use of a single-molecule fuel in a highly controlled 

combustion setup distinguishes this work from experiments that rely on real-life sources and 

combustion setups, where different combustion conditions could be occurring simultaneously 

and clouding the conclusions. 

1.4.3 Chapter 4 – “The Cytotoxicity and Chemical Properties of Laboratory-Produced 

Fresh and Aged Biomass Burning Organic Aerosols”  

In this chapter, we conducted laboratory experiments producing biomass burning organic 

aerosols (BBOA) from the combustion of different biomass fuels: dead oak foliage, hickory twigs, 

and pine needles. We used UV radiation to initiate the photooxidation of BBOA, leading to a 

significant production of secondary organic particle mass. We collected fresh and aged BBOA 

(before and after the UV lights were turned on, respectively) and compared their toxicity in vitro 

to human lung epithelial cells using a cell viability (WST-8) assay. Using ultra-high resolution 

electrospray ionization mass spectrometry (ESI-MS), we found that the aging of the BBOA 

samples led to significant changes in their chemical makeup and to increases in their O:C and 

OC:OM ratios. Using induction-coupled plasma mass spectrometry (ICP-MS), we detected trace 

concentrations of known toxic metals such as arsenic, selenium, manganese, and others. In the 

cell viability assays, we found that the fresh hickory BBOA was the most toxic, followed by the 

pine and oak BBOA. For all fuels, the fresh BBOA particles was slightly more toxic than the aged 

BBOA at the highest exposure doses. However, at intermediate doses, there was a marked 

difference in the onset of toxicity, with the fresh BBOA more toxic at lower doses. The differences 
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in toxicity are likely caused by a combination of factors, including the availability and 

concentrations of toxic metals in the different samples as well as chemical changes following 

oxidation.  In general, our findings indicate that both fresh and aged BBOA are significantly toxic 

to cells. However, we detected differences in toxicity at intermediate doses that warrant further 

investigation. 

1.5 Summary 

Particulate emissions from biomass combustion have multifaceted impacts on climate and 

health. The work presented in this dissertation explores the relation between the fundamentals 

of particle formation in combustion and the physicochemical properties of the particles, first 

presenting a new framework for the understanding and representation of BrC. Further, the 

dissertation leverages our understanding of particle formation in combustion to examine the 

effect of combustion conditions on the toxicity of BrC. Finally, we examined the yet unidentified 

impact of atmospheric processing on the toxicity of biomass combustion emissions.  
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Abstract 

The light-absorption properties of brown carbon (BrC) are often estimated using offline, solvent-

extraction methods. However, recent studies have found evidence of insoluble species of BrC 

which are unaccounted for in solvent-extraction. In this work, we produced carbonaceous 

aerosol particles from the combustion of three biomass fuels (dead pine needles, hickory twigs, 

and dead oak foliage). We utilized a combination of online and offline measurements and optical 

calculations to estimate the mass fractions and contribution to light absorption by methanol-

soluble BrC (MSBrC), methanol-insoluble BrC (MIBrC), and elemental carbon (EC). Averaged over 

all experiments, the majority of the carbonaceous aerosol species were attributed to MSBrC (90% 

± 5%), while MIBrC and EC constituted 9% ± 5% and 1% ± 0.5%, respectively. The BrC produced 

in all experiments was moderately absorbing, with an imaginary component of the refractive 

index (k) at 532 nm ranging between 0.01 and 0.05. However, the k values at 532 nm of the 

MSBrC (0.004 ± 0.002) and MIBrC (0.211 ± 0.113) fractions were separated by orders of 

magnitude, with MSBrC categorized as weakly absorbing BrC and MIBrC as strongly absorbing 

BrC. Consequently, even though MSBrC constituted the majority of the aerosol mass, MIBrC had 

a dominant contribution to light absorption at 532 nm (72% ± 11%). The findings presented in 

this paper provide support for previous reports of the existence of strongly absorbing, insoluble 

BrC species and indicate that relying on methanol extraction to characterize BrC in biomass-

burning emissions would severely underestimate its absorption.  
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2.1 Introduction 

Combustion sources can produce different species of light-absorbing particles that contribute to 

the radiative balance at the top of the atmosphere. Black carbon (BC), the most absorbing of 

those species, is one of the three most potent contributors to radiative forcing, along with carbon 

dioxide and methane (Pachauri et al., 2014). Other light-absorbing particles, known as brown 

carbon (BrC), absorb light less efficiently than BC, yet exert significant radiative forcing (Zhang et 

al., 2017;Wang et al., 2014;Feng et al., 2013;Brown et al., 2018). 

The light-absorption properties of BrC, described by the imaginary component of the index of 

refraction, k, can vary greatly (Saleh, 2020). Values of k at mid-visible wavelengths for different 

species of BrC have been reported between 10-4 and 10-1, spanning several orders of magnitude 

(McClure et al., 2020;Saleh et al., 2018;Lambe et al., 2013;Updyke et al., 2012;Cheng et al., 

2020;Corbin et al., 2019). At the same time, the wavelength dependence of BrC absorption is also 

highly variable, with larger wavelength dependence exhibited by the less absorbing BrC (Saleh et 

al., 2014;Kumar et al., 2018;Xie et al., 2018;Saleh et al., 2018;Cheng et al., 2019;McClure et al., 

2020). While BrC was originally thought to be solely produced by low-temperature, smoldering 

biomass combustion, more recent work has identified BrC species emitted from both the 

combustion of liquid fuels (Cheng et al., 2019;Corbin et al., 2019;Bai et al., 2020) and the higher 

temperature combustion of biomass fuels (Saleh et al., 2014;Kumar et al., 2018;McClure et al., 

2020;Xie et al., 2018). In addition, the operational definitions of BrC have expanded to include 

strongly absorbing, nonvolatile, and refractory species (Saleh, 2020;Shetty et al., 2021;Saleh et 

al., 2018;Corbin et al., 2019).  
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Thus, the umbrella term BrC covers a range of organic species with widely varying light-

absorption and physicochemical properties. This broad range of properties causes a large 

uncertainty associated with the contribution of BrC to the radiative balance in the atmosphere. 

In particular, the majority of climate models that represent BrC absorption use a singular set of 

parameters (i.e., k values) to represent the various light-absorbing organic species due to the 

difficulty of including a more complex representation. This can underestimate the direct radiative 

effect of BrC by skewing towards the less-absorbing species, partly due to a dated understanding 

of BrC that excludes absorption at longer wavelengths. An effective representation of BrC in 

climate models must thus reduce the complexity associated with representing thousands of 

species while, at the same time, effectively capture the relevant light-absorption and 

physicochemical properties.   

In recent years, parameterizations and categorizations have been introduced to facilitate this 

outcome. Saleh et al. (2014) showed that light absorption properties of BrC emitted from biomass 

burning can be parameterized as a function of the emissions’ relative BC and OA content. Those 

parameterizations have already been used in some models, yielding a better agreement between 

model predictions and observations (Brown et al., 2018). More recent classifications of BrC have 

also been proposed based on their physicochemical properties. Corbin et al. (2019) divided BrC 

into soluble BrC and tar BrC, defined by their solubility or insolubility, respectively, in any of the 

commonly used solvents such as water, methanol, and acetone. Corbin et al.’s categorizations of 

BrC further include physicochemical properties characteristic of each category, such as light-

absorption properties, volatility, and molecular sizes. Saleh (2020) presented a classification 

based on light-absorption properties, dividing BrC into 4 bins spanning the 4 orders of magnitude 
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covered by reported k values of BrC in the literature. Saleh’s light absorption-based BrC 

classification also highlights that more absorbing BrC species tend to be less volatile, less soluble, 

and to consist of larger molecular sizes.  

The distinction drawn by Corbin et al. (2019) between soluble and insoluble BrC can be further 

extended to distinguish soluble species of BrC. Indeed, numerous studies have found that water 

soluble BrC is less absorbing than methanol-soluble BrC (Huang et al., 2020;Satish and Rastogi, 

2019;Chen and Bond, 2010). Further, Cheng et al. (2020) showed that some BrC that is insoluble 

in methanol is soluble in dichloromethane (DCM), with DCM-soluble species being more light 

absorbing than the methanol-soluble species. Cheng et al. (2020) also found that a significant 

fraction of some BrC samples could be insoluble in both. Those insoluble BrC species create a 

disagreement between the light-absorption properties retrieved via solvent-extraction methods 

and those retrieved in online measurements. In fact, Shetty et al. (2019) found that the 

absorption properties of biomass-burning particles retrieved using solvent-extraction methods 

and those retrieved from online measurements could differ by up to a factor of 10, with the 

discrepancy increasing with increasing elemental carbon (EC) content. As shown by previous 

studies of biomass-burning BrC, higher EC content is correlated with stronger light absorption by 

BrC (McClure et al., 2020;Saleh et al., 2014).  

In this paper, we present further evidence of insoluble BrC produced from the combustion of 

biomass fuels. We use a combination of online and offline measurements to divide the biomass-

burning BrC into methanol-soluble and methanol-insoluble fractions and retrieve the light-

absorption properties of each fraction. Doing so, we show that even though the majority of the 

BrC was methanol-soluble, the light-absorption was dominated by the methanol-insoluble BrC. 
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2.2 Methods 

2.2.1 Experimental procedure 

We burnt dead pine needles, hickory twigs, and dead oak foliage inside a 7.5 m3 environmental 

chamber. These fuels are commonly consumed in wildfires and prescribed burns in the 

Southeastern United States (Zheng et al., 2002;Fine et al., 2002). The fuels were collected from 

the University of Georgia campus or purchased from a supply store. They were then dried inside 

an oven at 60 °C for 24 hours to reduce their moisture content. 25-50 g of each fuel were 

mounded on sheets of aluminum foil, ignited using a handheld butane lighter inside a fume hood, 

and then transferred into the environmental chamber. In general, the fuels were allowed to burn 

inside the chamber for tens of seconds up to a minute. Afterwards, the chamber was sealed. We 

then performed online measurements and collected filter samples for offline measurements over 

a period of several hours.  

A scanning mobility particle sizer (SMPS, TSI 3882) continuously measured the particle size 

distribution in the range of 10-500 nm. We used a photoacoustic spectrometer (Multi-PAS III) to 

measure the absorption coefficient (babs , Mm-1) of the aerosol at 3 wavelengths: 422 nm, 532 

nm, and 782 nm. As described in Section 2.2.3, these online measurements were used to retrieve 

the aerosol light-absorption properties. 

We collected particles on two filter trains at a flow rate of 5 SLPM for offline analysis. One 

consisted of a sole 47 mm Quartz (Q) filter (Pall Inc., Tissuquartz 2500), the other of a 47 mm 

Teflon (PTFE) filter (0.2 microns, Sterlitech Corporation, PTU024750) followed by a Quartz behind 

Teflon filter (QBT). We targeted a total particle mass loading of 300 µg on the Quartz and Teflon 

filters, estimated from the sampling flowrate and total particle mass concentration obtained 



28 

 

from SMPS measurements. Depending on the particle concentration in the environmental 

chamber, we collected the filter samples for several hours until the target loading was 

approximately reached. The Quartz and QBT filters were used to determine the fractions of 

methanol-soluble BrC (MSBrC), methanol-insoluble BrC (MIBrC), and EC (Section 2.2.2) and the 

Teflon filter was used to determine the light-absorption properties of MSBrC (Section 2.2.4).  

2.2.2 Mass apportionment 

The procedure to apportion the particle mass into fractions of MSBrC, MIBrC, and EC is illustrated 

in Figure 2.1. We immersed a 1.5 cm2 punch of the Quartz filter in 3 ml of methanol for 24 hours 

in a process of passive extraction, i.e., without sonication. This process minimizes the physical 

extraction of methanol-insoluble species from the Quartz filter, while also preserving the 

integrity of the filter for the subsequent analysis (Shetty et al., 2019;Phillips and Smith, 2017). 

After 24 hours, the Quartz punch was removed, washed with more methanol, and dried using a 

stream of clean, dry air. We then used an organic carbon – elemental carbon (OCEC) analyzer 

(Sunset Laboratory Inc, Portland, OR, USA, Model 5 L) running the NIOSH-870 protocol to 

determine the remaining total carbon (TC) mass on the extracted filter punch (TCQ,extracted). As 

further elaborated below, TCQ,extracted corresponds to TC of the insoluble species, including both 

MIBrC and EC: 

 TCQ,extracted= OCMIBrC+ EC   (1) 

Here, OCMIBrC and EC were obtained from the OCEC analyzer measurements of the extracted 

Quartz punch. The OCEC analyzer divides the analyte into OC and EC depending on the 

temperature and conditions at which they evaporate during the analysis protocol. It also 

identifies pyrolyzed OC, which corresponds to organic species that become pyrolyzed during the 



29 

 

initial heating phase, resisting volatilization in the oxygen-deficient phase and appearing instead 

with the EC (Wu et al., 2016;Khan et al., 2012). In Equation (1), OCMIBrC includes both the non-

pyrolyzed and the pyrolyzed OC reported by the OCEC analyzer. An implicit assumption in 

Equation (1) is that all the carbon in MIBrC is detected as OC in the OCEC analyzer. In reality, it is 

possible that some strongly absorbing, refractory BrC is mistakenly classified as EC by thermal-

optical measurements(Corbin et al., 2019;Corbin and Gysel-Beer, 2019;Cheng et al., 2019). Thus, 

OCMIBrC could be underestimated and EC overestimated in the analysis. 

In order to determine the methanol-soluble OC (OCMSBrC) fraction, we ran the same OCEC analyzer 

protocol to determine the TC mass on an unextracted Quartz filter punch (TCQ,unextracted) and on a 

QBT filter punch (TCQBT). Since the QBT filter only collected adsorbed vapor species, the difference 

between TCQ and TCQBT corresponds to the total TC mass of particles collected (Subramanian et 

al., 2004), including MSBrC, MIBrC, and EC: 

 TCQ,unextracted- TCQBT= OCMSBrC+OCMIBrC+ EC (2) 

Then, OCMSBrC can be obtained from Equation (1) and Equation (2) as: 

 OCMSBrC=(TCQ,unextracted- TCQBT)-TCextracted (3) 

We converted OCMSBrC and OCMIBrC to organic-mass basis (OMMSBrC and OMMIBrC) assuming OM/OC 

of 1.8, which is typical for biomass-combustion emissions (El-Zanan et al., 2005;Aiken et al., 

2008;Yao et al., 2016). 

The fractions of MSBrC, MIBrC, and EC in the particles were then obtained as: 

 fMSBrC = OMMSBrC

TM
; f

MIBrC
 = OMMIBrC

TM
; fEC = EC

TM
 (4) 

Where TM is the total mass of carbonaceous species: 

 TM= OMMSBrC+OMMIBrC+EC (5) 
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Figure 2.1. Flowchart summarizing the procedure for apportioning the carbonaceous particle 

mass into methanol-soluble BrC (MSBrC), methanol-insoluble BrC (MIBrC), and EC. 

2.2.3 Retrieving aerosol light-absorption properties 

We retrieved the imaginary component of the refractive index of the BrC aerosol (kBrC,aerosol) at 

422 nm and 532 nm using optical closure (Saleh et al., 2014;McClure et al., 2020;Chakrabarty et 

al., 2010;Lack et al., 2012). In brief, we used Mie calculations to constrain the kBrC,aerosol that, 

coupled with measured particle size distributions, best reproduced the measured babs at that 

wavelength. We calculated the wavelength dependence, wBrC,aerosol, assuming that kBrC,aerosol 

exhibits a power-law dependence on wavelength: 

 wBrC,aerosol= 
log൫k422,BrC,aerosol/k532,BrC,aerosol൯

log(532/422)
 (6) 

The Mie calculations assumed a BrC real component of the refractive index equal to 1.6. To 

account for absorption by EC, we applied several simplifying assumptions. First, we assumed that 

EC and BrC were externally mixed. We also assumed that the EC particles were spherical (which 

is inherent in Mie calculations) and that their size distribution had the same shape as that of BrC. 

Therefore, the size distributions measured by the SMPS were split between EC and BrC based on 
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the EC/OM values obtained from the OCEC analyzer measurements. Finally, we used an EC 

complex refractive index of 1.85 + 0.71i (Bond and Bergstrom, 2006). We note that because the 

EC fraction was small in these experiments (EC/OC < 0.05), these simplifying assumptions had a 

small effect on the retrieved kBrC,aerosol as discussed in Appendix A.  

2.2.4 Light-absorption apportionment 

As summarized in Figure 2.2, we employed a combination of online and offline measurements 

and Mie calculations to retrieve the imaginary component of the refractive indices of methanol-

soluble BrC (MSBrC) and methanol-insoluble BrC (MIBrC). First, we used the particles collected 

on the PTFE filters to determine the light-absorption properties of MSBrC following the 

procedure of (Cheng et al., 2020). For the extraction of the PTFE filters, we immersed each filter 

in 5 ml of methanol inside a glass vial and sonicated for 15 minutes. Unlike with the passive 

extraction used with the Quartz filters, sonication can physically extract a large amount of 

methanol-insoluble species. To remove the methanol-insoluble particles from the methanol 

solution, we filtered the methanol extracts through 13 mm PTFE (0.2 microns, Sterlitech 

Corporation, PTU021350) using a glass vial with a metal luer lock tip.  

We measured the concentration of BrC in the solutions using the OCEC analyzer. To do so, we 

pipetted 200-300 µl (in steps of 50 µl) onto 1.5 cm2 punches of prebaked Quartz filters and dried 

the filters using a stream of clean, dry air. Because methanol is relatively volatile, it evaporates 

rapidly under the stream of air, leaving behind the less volatile BrC. We then retrieved the total 

carbon mass on the punch running the NIOSH-870 protocol on the OCEC analyzer. We used the 

measured mass to estimate the BrC concentration in the solutions, CMSBrC. As before, we assumed 

OM/OC = 1.8. 
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Figure 2.2 Flowchart showing the light-absorption apportionment procedure. 

We used a UV-vis Spectrophotometer (Agilent, Cary 60) to measure the UV-vis absorbance of the 

extracts in the 200-800 nm range at a 1 nm resolution. We then converted the measured 

absorbance to light-absorption properties using the relation between the imaginary component 

of the refractive index of the MSBrC (kMSBrC) and the absorption coefficient (α, cm-1):  

 kMSBrC,  λ= λ

4π
α(λ)  (7) 

Here, α is calculated from the UV-vis measurements using 

 α(λ)=ln10 A(λ)ρ

CMSBrC × L
  (8) 

Where A is the measured absorbance, ρ is the density of the extracts (assumed to be 1.2 g/cm3), 

L (1 cm) is the optical path length, and CMSBrC is the concentration of the BrC in the solution. 

Although the absorption coefficients α and babs have similar units (length-1), they express 

different physical quantities. babs represents the total absorption cross section of the aerosol per 

unit volume of air and thus depends on the aerosol concentration and size distribution, whereas 

α is a material property that is directly related to k (Equation 7). 

We retrieved k of the methanol-insoluble BrC (kMIBrC) based on the assumption that MIBrC and 

MSBrC were well-mixed in the BrC aerosol and that kBrC,aerosol (Section 2.2.3) is a volume-weighted 

average of kMSBrC and kMIBrC. Therefore: 
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 kMIBrC= ቀkBrC,aerosol - kMSBrC
fMSBrC

fMSBrC+fMIBrC
ቁ  fMSBrC+fMIBrC

fMIBrC
  (9) 

Where, kMSBrC is obtained from the UV-vis measurements as described above, kBrC,aerosol is 

obtained from optical closure (Section 2.2.3), and the fractions (fMSBrC and fMIBrC) are obtained 

from the mass apportionment analysis (Section 2.2.2 and Equation 4). 

We also quantified the fractional contribution to light absorption by MSBrC, MIBrC, and EC. The 

fractional contribution by EC was calculated as: 

 𝑋௔௕௦,ா஼ =  
௕ೌ್ೞ,ಶ಴

௕ೌ್ೞ
 (10) 

Where babs,EC is the absorption coefficient of the EC particles, obtained using Mie calculations as 

described in Section 2.2.2 and babs is the total aerosol absorption coefficient measured using the 

multi-PAS III. The contributions to absorption by MSBrC and MIBrC were then calculated as: 

 Xabs, MSBrC, λ= ൫1-Xabs, EC, λ൯
൫kMSBrC, λ×fMSBrC/fBrC൯ 

kBrC, λ
  (11) 

 Xabs, MIBrC, λ= ൫1-Xabs, EC, λ൯
൫kMIBrC, λ×fMIBrC/fBrC൯

kBrC, λ
  (12) 

2.3 Results 

2.3.1 Aerosol light-absorption properties 

Figure 2.3 shows the light-absorption properties (k550 and w) of the BrC aerosol plotted against 

the EC/OM ratios retrieved from the OCEC analyzer. We note that here we use the term ‘BrC 

aerosol’ to refer to the whole BrC and to indicate that its light-absorption properties were 

obtained from online measurements in the aerosol phase (Section 22.3). The individual data 

points shown correspond to the combustion experiments we conducted with each of the three 

fuels. On the same figures, we show the parameterizations of k550 and w vs EC/OM (or, 

equivalently, BC/OA) presented by Saleh et al. (2014), assuming both internally mixed and 
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externally mixed BrC. For both k550 and w, our data agree with the trends of correlation between 

the light-absorption properties and EC/OM, with k550 increasing and w decreasing with increasing 

EC content. The inverse relation between k and w has also been repeatedly established previously 

for BrC (McClure et al., 2020;Sengupta et al., 2018;Xie et al., 2018). Notably, the data points from 

the different combustion experiments follow a similar trend, with no apparent dependence on 

fuel type. This indicates that the difference in the light-absorption properties of BrC produced in 

different combustion scenarios is primarily caused by the different combustion conditions rather 

than fuel type (Saleh et al., 2018). 

Both k550 and w values obtained in this study are generally larger than the values predicted by 

the Saleh et al. (2014) parameterizations at the same EC/OM. This could be due to true variability, 

but is also likely due to discrepancies between aerosol light-absorption measurements. BrC 

parameterizations derived from biomass-burning measurements usually involve significant 

spread in the data points (Saleh et al., 2014;McClure et al., 2020;Lu et al., 2015), and while they 

usually exhibit similar trends, there are large differences between them (Saleh, 2020). Because 

of the relatively small number of data points and limited range of EC/OM in this study, we elect 

not to report a mathematical fit. 

2.3.2 Light-absorption properties of the methanol-soluble and methanol-insoluble brown 

carbon 

Figure 2.4 shows the imaginary component of the refractive indices of the MSBrC and MIBrC 

fractions (kMSBrC and kMIBrC) at 422 nm and 532 nm, plotted against kBrC,aerosol. kMSBrC and kMIBrC were 

estimated from UV-Vis measurements and optical closure calculations, as described in Section 

2.2.4. The figure shows that kMSBrC and kMIBrC are clustered in different ranges. kMSBrC,422 and 
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kMSBrC,532 had average values of 0.015 ± 0.003 and 0.004 ± 0.002, respectively, while kMIBrC,422 and 

kMIBrC,532 had average values of 0.308 ± 0.161 and 0.211 ± 0.113, respectively. At both 

wavelengths, the MSBrC fraction had a smaller k than the BrC aerosol as a whole, while the MIBrC 

fraction had a larger k. In-line with previous reports (Corbin et al., 2019;Bai et al., 2020;Cheng et 

al., 2020;Shetty et al., 2019), an important implication of these findings is that relying on 

methanol extraction can severely underestimate BrC absorption. Furthermore, as kBrC,aerosol 

increases, kMSBrC is relatively capped, which further indicates that methanol extraction becomes 

less effective in capturing the light-absorption properties of the BrC particles as a whole as those 

become more absorbing (Cheng et al., 2020). 

In general, the fractions’ kMSBrC at 422 and 532 nm were weakly dependent on the aerosols’  

kBrC,aerosol (log10൫kMSBrC, 422൯ = 0.45×log10൫kBrC,aerosol,422൯ - 1.20, r2 = 0.43; 

log10൫kMSBrC, 532൯ = 0.54×log10൫kBrC,aerosol,532൯ - 1.56, r2 = 0.30). The fractions’ kMIBrC, in contrast, 

were more correlated with kBrC,aerosol (log10൫kMIBrC, 422൯ =1.33×log10൫kBrC,aerosol,422൯  +  1.01, r2 = 

0.61; log10൫kMIBrC, 532൯ = 0.84×log10൫kBrC,aerosol,532൯ + 0.65, r2 = 0.55).  
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Figure 2.3. The light-absorption properties of the BrC aerosol, retrieved using optical closure, as 

a function of the EC/OM ratio, retrieved from the OCEC analyzer assuming OM = 1.8 x OC. (a) The 

imaginary component of the refractive index at 550 nm (k550) versus EC/OM. (b) The wavelength 

dependence of the imaginary component of the refractive index (w) versus EC/OM. Also shown 

are the parameterizations of Saleh et al. (2014) with the assumption of internally mixed and 

externally mixed BC.  



37 

 

 
Figure 2.4 The imaginary component of the refractive index for the methanol-soluble BrC 

(MSBrC) and the methanol-insoluble BrC (MIBrC), retrieved from UV-Vis measurements and 

optical closure, respectively, plotted against k of the BrC aerosol at (a) λ = 422 nm and (b) λ = 532 

nm.  

In Figure 2.5, we show the light-absorption properties (k550 vs w) of the BrC aerosol and the 

MSBrC and MIBrC fractions retrieved in this study. In the backdrop, we show the BrC categories 

proposed by Saleh (2020) along with literature values of biomass-burning BrC k550 vs w retrieved 

based on methanol extraction (i.e., equivalent to MSBrC). The BrC aerosol produced in this study 

falls within the moderately absorbing BrC category (M-BrC). However, the fractions that compose 

it, namely MSBrC and MIBrC, are divided between the weakly absorbing BrC category (W-BrC) 

and the strongly absorbing category (S-BrC), respectively. The mean MIBrC k550 from all 

experiments is 2 orders of magnitude larger than MSBrC k550 (kMIBrC,550 = 0.211 ± 0.113; kMSBrC,550 

= 0.004 ± 0.002), while MSBrC exhibited a much stronger wavelength dependence (wMIBrC = 1.7 ± 

1.1; wMSBrC = 6.3 ± 1.7). The light-absorption properties of MSBrC obtained from our experiments 

are consistent with those reported for biomass-burning BrC in other works that relied on 
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methanol extraction (Chen and Bond, 2010;Li et al., 2016;Cheng et al., 2016;Cheng et al., 2017;Lei 

et al., 2018;Xie et al., 2018), all of which fall within W-BrC. As shown in Figure 2.5, there is a 

strongly absorbing fraction of BrC, which is insoluble in methanol, that pushes the light-

absorption properties of the BrC aerosol well beyond those of its methanol-soluble fraction. The 

stronger light absorption of MIBrC compared to MSBrC reported here and in other works (e.g., 

Corbin et al. (2019), Bai et al. (2020), Cheng et al. (2020)) confirms that MSBrC cannot be used to 

represent the light-absorption properties of BrC aerosols as a whole. The insoluble fraction must 

be accounted for in order to arrive at an accurate representation of absorption by BrC. The light-

absorption properties of the MIBrC in our experiments span a similar range to that suggested by 

Corbin et al. (2019) for marine-engine exhaust, as well as other reports of strongly absorbing BrC 

that have been referred to using different terminologies, including refractory BrC(Saleh et al., 

2018), intermediate absorber (between BrC and BC) (Adler et al., 2019), BrC associated with 

extremely low volatility organic compounds (ELVOCs) (Saleh et al., 2014), and brown carbon 

spheres (Alexander et al., 2008). 
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Figure 2.5 The light-absorption properties of the BrC aerosol and the MSBrC and MIBrC fractions 

produced in this work, shown in log10(k550) – w space. The shaded rectangles represent the BrC 

categories suggested by Saleh (2020). Open circles, squares, and rhombi represent individual 

data points from this work, while those filled markers represent the average values retrieved for 

the categories of BrC aerosol, MSBrC, and MIBrC, respectively. To avoid cluttering, we did not 

include different markers for each fuel type in this figure. The figure also includes the average 

values of biomass-burning k550 vs w reported in or calculated from previous studies that utilized 

methanol extraction. 

2.3.3 Mass fractions and contribution to absorption 

Figure 2.6a shows the mass fractions of MSBrC (fMSBrC), MIBrC (fMIBrC), and EC (fEC) in the 

carbonaceous aerosol, averaged over all the combustion experiments. MSBrC constituted by far 

the largest fraction (90% ± 5%), while MIBrC and EC constituted 9% ± 5% and 1% ± 0.5%, 
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respectively. This is consistent with previous studies that have reported methanol extraction 

efficiencies of >90% (Li et al., 2016;Chen and Bond, 2010). Indeed, these high extraction 

efficiencies by methanol have led some studies to assume that methanol effectively extracts all 

the organics in biomass-burning emissions (Li et al., 2016). While this assumption is justified when 

the purpose is to study the chemical composition of the OA (e.g., to investigate OA formation 

pathways in biomass burning), it is not when the purpose is to quantify BrC light absorption.  

In Figure 2.6b, we show the estimated contributions to absorption by each of the MSBrC, MIBrC, 

and EC fractions, averaged over all experiments. Despite constituting the majority of the particles 

by mass, the MSBrC contributed 35% ± 11% and 16% ± 7% of the total absorption at 422 nm and 

532 nm, respectively. In contrast, the MIBrC contributed 60% ± 11% and 72% ± 10% at 422 nm 

and 532 nm, respectively, and the EC fraction contributed 5% ± 3% and 12% ± 5% at 422 nm and 

532 nm, respectively. It is worth noting that the relative differences between the contributions 

to absorption at 422 nm and 532 nm between MSBrC, MIBrC, and EC, is a reflection of the 

differences in the wavelength dependence of their absorption. As shown in Figure 2.5, wMSBrC and 

wMIBrC were 6.3 ± 1.7 and 1.7 ± 1.1, respectively, while wEC was assumed to be zero.  

Importantly, even though MIBrC constitutes an order-of-magnitude smaller fraction of the 

carbonaceous aerosol than MSBrC, it contributes a dominant fraction of the total absorption. 

These findings are consistent with previous reports of a dominant contribution to absorption by 

insoluble BrC produced from heavy fuel oil combustion (Bai et al., 2020;Corbin et al., 2019) and 

indicate that methanol-extraction techniques are inadequate at quantifying light absorption by 

biomass-burning BrC. In addition to its association with differences in light-absorption properties, 

solubility in methanol is also expected to be associated with differences in other physicochemical 
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properties, including volatility and molecular size (Saleh et al., 2018;Corbin et al., 2019). 

Furthermore, larger molecular size BrC species have been shown to be more resistant to decay 

in absorption due to photobleaching upon aging in the atmosphere (Stevens and Dastoor, 2019). 

Consequently, in addition to MIBrC being more light-absorbing than MSBrC, it is also expected to 

be less volatile, possibly less susceptible to photobleaching, and therefore have a longer lifetime 

in the atmosphere. 

 

Figure 2.6 (a) Mass fractions of MSBrC, MIBrC, and EC averaged over all combustion experiments. 

(b) The corresponding contribution to total absorption aerosol absorption at 422 nm and 532 nm 

by MSBrC, MIBrC, and EC.  

2.4 Conclusions 

In this work, we report the existence of a methanol-insoluble BrC (MIBrC) fraction produced in 

biomass combustion that is significantly more light-absorbing than the methanol soluble BrC 

(MSBrC) fraction. These findings contribute to the growing body of literature on the association 

between solubility and its light-absorption properties of BrC produced in biomass 

combustion(Shetty et al., 2019), as well as controlled combustion of single-molecule fuels (Cheng 
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et al., 2020) and marine engines (Corbin et al., 2019;Bai et al., 2020). In concordance with 

previous studies (Li et al., 2016;Chen and Bond, 2010), methanol was efficient at extracting the 

organic matter produced in our biomass-burning experiment, where MSBrC constituted 90% ± 

5% of the total carbonaceous species. However, using this high methanol extraction efficiency as 

an indication that MSBrC is representative of the overall BrC is highly misleading. Our results 

show that relying on methanol extraction to constrain the light-absorption properties of biomass-

burning BrC results in a severe misrepresentation of these properties, leading to an order-of-

magnitude underestimation of BrC light absorption at mid-visible wavelengths.  
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Abstract 

Light-absorbing organic particulate matter (PM), or brown carbon (BrC), may constitute an 

important fraction of combustion PM. Here, we investigate the effect of combustion conditions 

on the molecular sizes of BrC, their light-absorption properties, and their cytotoxicity. We used 

toluene in a combustion reactor with highly controlled conditions to produce two different types 

of BrC under two conditions corresponding to smoldering and near-flaming combustion, with 

temperatures of 670 °C and 1035 °C, respectively. We performed online measurements of the 

size distributions and light-absorption properties of the BrC. The BrC produced at 1035 °C was 

more light absorbing, with an imaginary component of the refractive index at 532 nm (k532) an 

order of magnitude larger than that of the BrC produced at 670 °C. We also collected samples for 

offline chemical characterization using laser desorption ionization (LDI) mass spectrometry. The 

LDI mass spectra showed that the BrC produced at 1035 °C was composed of species with 

significantly larger molecular sizes than the BrC produced at 670 °C. Using human lung epithelial 

cells, we conducted in vitro cytotoxicity analysis on the two types of BrC with doses ranging from 

3.5 to 136.0 µg of BrC/ml. After 24-h exposure, the viability of the cells was assessed using a WST-

8 assay. The cytotoxicity analysis showed that, for both BrC samples, the cells exhibited a clear 

dose-dependent response with significant BrC cytotoxicity that plateaued at the higher doses. 

However, while the viability of cells exposed to the BrC produced at 1035 °C reached a minimum 

of around 65% at the highest dose, the BrC produced at 670 °C proved to be significantly more 

toxic, with the viability dropping asymptotically to 25%. The results presented here suggest that 

organic PM of smaller molecular sizes produced under lower temperature, smoldering 

combustion could be significantly more toxic than those of larger molecular sizes produced under 
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higher temperature, flaming conditions. The use of a single-molecule fuel in a highly controlled 

combustion setup distinguishes this work from experiments that rely on real-life sources and 

combustion setups, where different combustion conditions could be occurring simultaneously 

and clouding the conclusions. 
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3.1 Introduction 
Primary combustion particulate matter (PM), emitted from various combustion sources, is 

associated with increased morbidity through cardiovascular and cardiopulmonary diseases (Pope 

III and Dockery, 2006;Donaldson et al., 2005). Primary combustion PM is ubiquitous, contributing 

one to two thirds of all carbonaceous PM over the continental United States (Park et al., 2003;Yu 

et al., 2004;Bond et al., 2004). There are numerous sources of combustion PM, including the 

combustion of fossil fuels and biofuels (transportation, power generation, industrial applications) 

and the combustion of solid biomass in domestic heating and cooking as well as agricultural 

burning and forest fires. Despite the prevalence of combustion PM, there are lingering gaps in 

our understanding of its health effects (Black et al., 2017). The composition of combustion PM is 

highly complex, with varying fractions of organic carbon (OC) and elemental carbon (EC), 

inorganics, metals, ions, and ash (Hays et al., 2005;Fine et al., 2002;Liu et al., 2017). While all of 

those species have been associated with toxicological and health impacts, their relative 

importance is unclear (Dilger et al., 2016;Kasurinen et al., 2017;Reisen et al., 2015). Importantly, 

the composition of combustion PM is dependent not only on the source, but also on combustion 

conditions (Saleh, 2020;McClure et al., 2020). Therefore, even for the same fuel, differences in 

combustion conditions have been found to induce differences in toxicity of the emitted PM (Kim 

et al., 2019;Bølling et al., 2012;Tapanainen et al., 2011;Leskinen et al., 2014). In this paper, we 

aim to shed light on the fundamental physicochemical properties of the organic fraction of 

combustion PM, their dependence on combustion conditions, and how that translates into 

different toxicological outcomes.  



54 

 

3.1.1 PM formation in combustion 

First, it is instructive to discuss the current understanding of the formation pathways of 

combustion PM. The initial steps of combustion of hydrocarbon fuels involve fuel decomposition 

into smaller hydrocarbons or radicals (Frenklach, 2002;McEnally et al., 2006;Wang, 2011). When 

combustion is incomplete, those radicals react to form stable species, including aromatics such 

as benzene, which constitute the backbone for further molecular growth into various gaseous 

and particulate emissions – pollutants. The growth of small aromatics into larger, condensable 

polycyclic aromatic hydrocarbons (PAHs) is thought to describe the formation of carbonaceous 

combustion PM (or soot), where the extent of this growth describes what is known as soot 

maturity (Michelsen, 2017). Mature soot, mostly comprised of EC, is the final product of soot 

formation. Between the first produced condensable species, or incipient soot (Michelsen, 2017), 

and mature soot lie myriad intermediate organic species (Frenklach, 2002;Wang, 2011). 

Depending on combustion conditions, combustion PM can comprise soot of varying levels of 

maturity and, therefore, varying levels of EC and organics (Cheng et al., 2019;Saleh et al., 2018). 

For example, diesel engines and flaming forest fires feature combustion conditions (high 

temperatures) that are conducive for the formation of mature soot with little contribution from 

organics. On the other hand, the combustion conditions (low temperatures) in smoldering forest 

fires are not conducive for the completion of the soot-formation process and thus produce 

mostly organic PM. 

Mature soot is a strong light absorber in the visible spectrum and, due to its black appearance, is 

classified as black carbon (BC) in the atmospheric sciences literature. In addition to its adverse 

health effects (Kim et al., 2018;Kelly and Fussell, 2012), BC absorbs solar radiation and is a strong 
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climate warmer (IPCC, 2014). The intermediate organic species also absorb light, though to a 

lesser extent than BC, and exhibit absorption spectra that are more skewed towards short-visible 

and ultraviolet wavelengths (Desgroux et al., 2013;Russo et al., 2013;Saleh et al., 2018), giving 

them a brownish appearance. In the atmospheric science literature, such light-absorbing organic 

PM is classified as brown carbon (BrC) (Andreae and Gelencsér, 2006;Laskin et al., 2015). BrC is 

also an important absorber of solar radiation, yet with a much more complex and uncertain effect 

on the climate system than BC (Saleh, 2020). We have previously shown that combustion BrC 

exhibits a continuum of molecular sizes and light-absorption properties (Saleh et al., 2018). In 

specific, the BrC molecules become larger and more light-absorbing as they approach the BC-

formation threshold. Therefore, different combustion conditions of the same fuel can produce 

BC and/or BrC with varying physicochemical properties (Cheng et al., 2019), which is expected to 

translate into variability in health effects. 

3.1.2 Dependence of combustion PM toxicity on combustion conditions 

Several studies have attempted to compare the toxicological effects of emissions from fuels 

combusted under different regimes using setups such as biomass burners, residential heating 

equipment, stoves, and pellet boilers (Leskinen et al., 2014;Bølling et al., 2012;Kocbach et al., 

2008;Kim et al., 2018;Kim et al., 2019;Happo et al., 2013). The results emerging from the different 

studies, however, point in different directions.  

Bølling et al. (2012) found that PM emitted from the combustion of wood in a cast-iron wood 

stove at low temperatures (500-800 °C) caused a higher cytotoxic response and pro-inflammatory 

cytokine IL-6 release than PM emitted at high temperature (700-1000 °C). They also reported 

that the organic fraction of biomass combustion PM was better correlated with the heightened 
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toxicological response than were the insoluble “washed” pellets. Similar results were reported 

by Kocbach et al. (2008) for PM emitted from the combustion of wood in a conventional stove 

burning birch wood at 700-1000 °C. As described in Section 3.1.1, the organic fraction of 

combustion PM dominates in low-temperature combustion conditions, while the emissions of 

insoluble EC increase at higher temperatures. Thus, the results above support the finding that 

PM from lower temperature combustion is more toxic. Similarly, Jalava et al. (2010) found the 

emissions from the inefficient operation of a masonry heater (restricted air flow, fuel overload), 

which would lead to relatively lower combustion temperatures, caused more cell death than 

those from normal operation. Tapanainen et al. (2011) compared the toxicity of emissions from 

a conventional masonry heater and a pellet boiler and found that those emitted from the 

masonry heater, an example of a less efficient setup, caused more cell apoptosis and higher 

production of inflammatory cytokines TNF-α and MIP-2. 

On the other hand, several studies reported that the PM from higher temperature combustion 

conditions were more toxic. Happo et al. (2013) found that particulate emissions from newer 

biomass heating appliances, which are typically more efficient technologies that achieve higher 

combustion temperatures than older technologies, induced higher inflammatory, cytotoxic, and 

genotoxic activities in a mice model per unit mass. Furthermore, the increased inflammatory 

response was better correlated with the ash component of emissions, more prevalent in newer 

technologies, than with PAH concentrations, emitted in higher concentrations in the older 

technologies. Uski et al. (2014) compared the toxicity of PM from smoldering and efficient 

combustion in heating appliances and found that, while the PM emitted under smoldering 

conditions caused greater DNA damage and cell death, those emitted from more efficient 
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combustion were more effective in decreasing metabolic activity and causing oxidative stress. 

Leskinen et al. (2014) reported that the PM emissions from more efficient wood combustion 

(higher temperatures) caused more cell death, which they attributed to the high concentrations 

of ash and metals. Kim et al. (2018) compared the toxicity induced in mice respiratory systems 

by PM from the combustion of different biomass fuels under smoldering and flaming conditions. 

They found that the latter had higher toxic and mutagenic potencies per unit mass of emitted 

PM. In a follow-up study in which the mice directly inhaled the biomass combustion emissions, 

they found that lung inflammation caused by peat and eucalyptus smoke under both flaming and 

smoldering conditions was not reproduced with oak smoke (Kim et al., 2019).   

Clearly, the results from different studies have not converged to determine which combustion 

regime generates the most toxic PM. A possible explanation of this discrepancy is the difficulty 

of controlling conditions, particularly in the case of biomass combustion. Even though a 

combustion experiment is performed within a certain regime (e.g., smoldering or flaming), 

uncontrolled combustion still features wide spatial and temporal variability in temperatures and 

air-to-fuel ratios. This variability would lead to the release of a wide range of species that could 

extend from small-molecular-size organics of nascent soot (or BrC) to the EC in mature soot, 

possibly clouding the conclusions drawn from a comparison of induced toxic effects. To conduct 

a systematic comparison of the toxicity of PM from different combustion conditions, it is essential 

to ensure that the combustion conditions are spatially uniform and stable for the duration of the 

experiment.  
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3.1.3 Approach 

In this paper, we investigate the effect of differences in combustion conditions on the cytotoxicity 

of the emitted organic PM, or BrC. We utilized a home-built reactor where the combustion 

temperature and air-to-fuel ratios can be accurately controlled over an extended period of time 

(Cheng et al., 2020;Cheng et al., 2019;Saleh et al., 2018), ensuring consistent PM production at 

each set condition. We generated BrC from the combustion of toluene controlled at two 

conditions representative of smoldering and near-flaming conditions. We performed light 

absorption measurements, thermal-optical measurements, and laser desorption ionization mass 

spectrometry to characterize the physicochemical differences between the two types of BrC. We 

assessed cytotoxicity using an in-vitro submersion setup with human lung epithelial cells. By using 

toluene instead of a complex biomass fuel, we ensure fuel homogeneity and thus restrict the 

study of the difference in cytotoxicity to the only variable, the combustion conditions. This also 

allows us to focus on the toxicity of BrC by eliminating the confounding toxic effects of other 

species present in combustion PM, such as metals and ash (Kelly and Fussell, 2012). We note that 

BrC emitted by toluene combustion exhibits resemblance to at least a fraction of that emitted 

from the combustion of complex fuels. Toluene is commonly found in gasoline and diesel fuels 

(Chin and Batterman, 2012). Further, as discussed in Section 3.1.1, intermediate aromatic species 

(such as toluene) constitute the building blocks for BrC formation in the combustion of any 

carbon-containing fuel. Finally, toluene is also commonly detected in the emissions of biomass 

fuels (Shen et al., 2012). 
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3.2 Methods 

Using toluene as a fuel, we produced BrC under two different combustion conditions at 

temperatures of 670 °C and 1035 °C chosen to be representative of smoldering and flaming 

combustion, respectively (Akagi et al., 2011). We performed online measurements to 

characterize the particle size distributions and light-absorption properties at a 90 second 

resolution. Under each condition, we collected the BrC particles on Teflon filters for chemical 

analysis using laser desorption ionization (LDI) mass spectrometry and in vitro cytotoxicity 

assessment against lung epithelial cells. Experimental details are described in the subsequent 

sub-sections. 

3.2.1 Combustion setup and control 

Figure 3.1 shows a schematic of the combustion and filter collection setup. The setup has been 

described previously in more detail (Cheng et al., 2019;Saleh et al., 2018). In brief, combustion 

occurred in a flow-through quartz chamber enclosed in a ceramic heater. The heater controlled 

the temperature inside the chamber to within a degree, according to the combustion conditions 

desired. Toluene, which contains an aromatic ring, was used as the fuel. Aromatic rings are the 

critical building blocks of complex combustion products (see Section 3.1.1), for which we expect 

toluene combustion products to be representative of combustion products in general (Wang, 

2011). Dry, clean air bubbled through a vessel containing toluene and carried the fuel into the 

combustion chamber, where it mixed with a controlled stream of air. In addition to the 

combustion temperature, the properties of the produced BrC are also dependent on the air-to-

fuel ratio (Cheng et al., 2019). Thus, controlling that ratio at a set temperature would also modify 

the combustion conditions and produce BrC particles of different properties. The combustion 
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conditions are, in fact, highly sensitive to changes in the flow rates of air or fuel. To be able to 

finely tune the combustion conditions and maintain them once set, we used an additional flow 

of nitrogen acting as a passive diluent (Qiao et al., 2005;Tang et al., 2008). The addition of a 

nitrogen stream makes the combustion less complete and has a similar effect as making the 

combustion more fuel rich (Cheng et al., 2019;Saleh et al., 2018). The emissions from the 

combustion chamber were then mixed with a controlled stream of clean air in a dilution chamber 

in order to bring the concentrations down to within the measuring window of the online 

instruments. 

 

Figure 3.1. Schematic of the experimental setup. BrC was produced in a temperature-controlled 

combustion chamber. The BrC size distribution and light absorption properties were measured 

online using an SMPS and a PAS (Section 3.2.2). BrC particles were collected on Teflon filters and 

then extracted using dichloromethane to prepare for the chemical and cytotoxicity analyses 

(Section 3.2.3).  
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3.2.2 Particle size distributions and light absorption properties 

We continuously measured the particle size distribution in the 10-500 nm range using a scanning 

mobility particle sizer (SMPS, TSI 3882). We also measured the real-time light absorption 

coefficients (babs, Mm-1) of the particles at three wavelengths (422, 532, and 782 nm) using a 

photoacoustic spectrometer (PAS) (Fischer and Smith, 2018). The absorption coefficient, babs, is 

defined as the total absorption cross-section of the particles per unit volume of air (hence the 

inverse length dimension, Mm-1). babs can be normalized by the total mass concentration of the 

particles, obtained by integrating the SMPS size distribution, to yield the mass absorption cross-

section (MAC, m2/g) at each wavelength. Furthermore, babs typically exhibits an inverse power-

law dependence on wavelength, with the exponent of the power-law fit being the absorption 

Ångström exponent (AAE). MAC and AAE, while not true intensive properties since they depend 

on particle size, are often used as effective light-absorption properties of atmospheric PM. In 

particular, larger MAC and smaller AAE (i.e., a flatter absorption spectrum) indicate darker PM 

(Saleh, 2020). Since they can be readily calculated in real-time, we used MAC and AAE in this 

study to constrain the light-absorption properties of BrC when tuning the combustion conditions. 

In post processing, we retrieved the fundamental light-absorption properties of the generated 

BrC, i.e., the imaginary part of the refractive index (k). Unlike the absorption quantified by MAC, 

k is a material property and does not depend on particle size. To retrieve k, we used Mie theory 

calculations (Bohren and Huffman, 2008) and the measured particle size distributions to find kλ 

(the wavelength-specific k at wavelength λ) that best reproduced the measured light absorption 

following the approach of optical closure (Saleh et al., 2013;Chakrabarty et al., 2010;Lack et al., 

2012). As with MAC, k exhibits an inverse power law dependence on wavelength. The exponent 
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of the power-law fit to k vs λ (w) is related to AAE such that AAE ≈ w + 1 for particles much smaller 

than λ. Larger k and MAC values correspond to stronger light absorption and are coupled with 

smaller w and AAE values, such that BrC with a larger k appears darker than BrC with a smaller k 

(Saleh, 2020).  

Implicit in the use of Mie theory calculations is the assumption of spherical particles, which we 

have previously confirmed for the BrC produced in our setup using scanning electron microscopy 

(Saleh et al., 2018). Mie calculations also require the knowledge of the real part of the refractive 

index, which we assumed to be 1.6 and wavelength independent (Saleh et al., 2014;Moise et al., 

2015;Browne et al., 2019;Li et al., 2019). 

3.2.3 Particle collection and extraction 

For each combustion condition, BrC particles were collected on 47 mm Teflon filters (0.2 Micron, 

Whatman) at a flow rate of 10 lpm. We collected a total of approximately 1.2 mg on four separate 

filters (300 µg each) to avoid clogging, which happens at loadings larger than 350 µg. We ensured 

that the particle concentrations and light absorption properties were stable over the sampling 

period of approximately 1 hour (Section 3.3.1). We estimated the sampled BrC mass loading 

based on the sampling flow rate and the real-time mass concentrations obtained from integrating 

the SMPS volume distribution assuming a  density of 1.3 g/cm3 (Cheng et al., 2019). The filters 

collected for each condition were then extracted together to form one parent solution. For 

extraction, the filters were placed in a glass vial, immersed in 10 ml of dichloromethane (DCM), 

and then sonicated for 40 minutes. The solution was then filtered in a glass syringe with a metal 

luer lock tip through a 13 mm Teflon filter (0.2 Micron, Sterlitech) to remove suspended particles, 

since those could affect the measurements of concentration to follow and produce 
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nonuniformities in the exposure experiments (Verma et al., 2012;Dilger et al., 2016). We then 

used UV-Vis spectrophotometry to verify there were no suspended particles remaining (See 

Figure S1).  

The concentration of BrC in the solutions was determined using an OC-EC analyzer (Sunset 

Laboratory Inc, model 4L) running the IMPROVE-A protocol (Karanasiou et al., 2015;Salako et al., 

2012). We pipetted 100 µl of each parent solution onto a pre-baked 1.5 cm2 punch of quartz filter 

and vaporized the DCM using a stream of clean, dry air, thus leaving the BrC for analysis. The OC-

EC analyzer uses an oven to convert all the carbon in the sample into CO2, the concentration of 

which is measured to return the total carbon concentration. Since the BrC in our setup is 

expected to be largely composed of hydrocarbons, and given that most of the mass of 

hydrocarbon species is contributed by the carbon atoms, the measured carbon concentration 

can provide a good estimate of the BrC concentration. 

3.2.4 Chemical speciation  

Laser desorption ionization mass spectrometry is a soft ionization method capable of detecting 

organic species of large molecular sizes in combustion PM with minimal fragmentation 

(Faccinetto et al., 2011;Faccinetto et al., 2015;Apicella et al., 2010;Saleh et al., 2018). We used 

LDI to chemically characterize our samples. We used a small fraction of the parent BrC in DCM 

solutions to prepare 2 solutions of 1 µg/µl concentration. We then spotted a 10 µl total of each 

solution onto an LDI plate, spotting 2 µl at a time and then letting the DCM dry off. We conducted 

the LDI analysis using a Bruker Autoflex TOF mass spectrometer operated in reflectron mode to 

increase the peak resolution of the spectra. The instrument uses a 337 nm nitrogen laser in 
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positive mode. The ion source voltage was set to 19 kV and the reflector voltage to 20 kV. For 

each sample, the resulting spectrum was an average produced from 200 laser shots. 

LDI is a semi-quantitative technique, meaning that the peak intensity observed in a spectrum 

cannot be used to calculate the concentration of the analyte (Faccinetto et al., 2011). However, 

by operating the instrument under identical conditions, a comparison of the relative abundance 

of species between different samples is possible without a need for accurate quantification. 

Further, the decreasing ionization efficiency in LDI with increasing molecular size also means that 

larger species are detected less efficiently than smaller ones. In order to detect larger species 

more efficiently, we used two settings for laser power and detector sensitivity depending on the 

molecular size region under investigation. For m/z < 650 u, the laser was operated at 50%, 

whereas for m/z > 1500, the laser power was raised to 100% and the detector sensitivity 

increased. Those settings were identical for both BrC samples, allowing us to compare the spectra 

obtained within each molecular size region.  

3.2.5 Cytotoxicity analysis 

The parent solution of BrC in DCM from each combustion condition was divided into eight 

portions with progressively increasing volumes (i.e., with increasing BrC mass) in order to obtain 

different BrC doses for the cytotoxicity analysis. The DCM was left to evaporate overnight inside 

a fume hood at 20 °C, leaving the dried BrC (Bai et al., 2001;Lin et al., 2008). The BrC was 

subsequently resuspended in 2.9 ml of culture media (Lonza BEBM™) and dimethyl sulfoxide 

(DMSO, final concentration in wells was 0.3%), which increases the solubility of the particles in 

media (Bølling et al., 2012). The samples were then sonicated for 5 minutes to dissolve the BrC 

in the media + DMSO solution and set aside until exposure. The samples were prepared such that 
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the final concentrations of BrC at exposure were 3.5, 6.0, 10.0, 16.0, 27.0, 49.0, 82.0, and 136.0 

µg BrC/ml media.  

The cytotoxicity of BrC was assessed in vitro using a tetrazolium salt-based colorimetric assay 

(WSt-8) from Sigma Aldrich’s Cell Counting Kit-8 (CCK-8, Sigma Aldrich) to quantify the live cells. 

Cell cultures were prepared by growing human lung epithelial cells in a cell culture grade T-flask 

with Bronchial Lung Epithelial Basal Cell medium with growth supplements and glutamine (Lonza 

BEBM™). The cell culture was kept at 37°C in a humidified atmosphere with 5% CO2. The medium 

was replaced every 2 days until a confluence of 70-80 % was reached, after which the cells were 

split enzymatically by a 5-minute incubation in 0.18% trypsin (and 5 mM EDTA) followed by 

centrifugation at 1100 rpm for 7 minutes. The supernatant was discarded, and fresh medium was 

added to the cell pellet. The cells were counted by trypan blue assay using an automated Cell 

Counter (Nano EnTek). The counted cells were diluted with the medium to seed 100 µl of 10,000 

cells/ml in each well of a 96-well plate. 

We added 10 µl of the BrC-containing solutions of different concentrations into each well, with 

7 replicates per concentration. 10 µl of media + DMSO solution were also added to 14 control 

wells and 7 blanks (media without cells). The cells were then incubated for 24 hours. Before 

measuring the cell viability using the colorimetric assay, we used a plate reader (Cytation 5, 

Biotek, Winooski, VT) to ensure that there was no significant contribution to absorption from the 

added BrC, which would have biased the viability results. Afterwards, the WST-8 assay (2-(2-

methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium, monosodium 

salt)) was introduced following the manufacturer’s protocol. The absorbance of formazan, 
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proportional to viability, was then measured at 450 nm by light-absorption spectroscopy using 

the Citation-5 plate reader. Relative cell viability is reported relative to controls (see above). 

After exposure, we conducted further analysis on the unused fractions of the samples to assess 

the resuspension efficiency of BrC in the media + DMSO solution. We discarded the remaining 

solutions, washed the vials with DI water to remove residual media and DMSO, and dried the 

vials using a stream of air, thus leaving only the BrC that was not extracted by the media + DMSO 

in the vials. We then added 200 µl of DCM to each vial to re-dissolve the BrC and measured its 

concentration using the same technique described in Section 3.2.3. The measured BrC mass, 

reflecting the amount of BrC that had not dissolved in the BrC + media solutions, was then 

subtracted from the designed concentrations of those solutions listed above to obtain a 

“corrected” concentration. Finally, since the media and DMSO are organic, any residual not 

washed out by the DI water would show as carbon in the OC-EC analyzer and would bias the 

residual BrC measurement. Using blank vials (i.e., vials with media +DMSO but no BrC), we 

estimated the bias due to residual media and DMSO, which ranged between 1% and 50% of the 

remaining BrC concentration for the samples with the highest (136.0 µg/ml) and lowest 

(3.5μg/ml) original BrC concentration, respectively. 

For the cytotoxicity data analysis, we used MATLAB (R2020a, MathWorks Inc.) to conduct a two-

way analysis of variance (ANOVA) followed by the Tukey Honest Significant Difference (HSD) post-

hoc test to determine the differences in cell viability within each BrC sample relative to control 

and across the two BrC samples at each concentration. Significant differences are considered as 

p < 0.05. We fitted a Hill model to the viability data using the EPA’s BMDS software (Davis et al., 
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2011). The Hill model is commonly used to represent dose-response curves, as it captures the 

plateaus at the lower and higher concentration exposures. 

3.3 Results and Discussion 

3.3.1 Particle concentrations and size distributions 

Time series of the mass median diameter (MMD) and total aerosol mass concentration (Caerosol) 

of the BrC particles over 90 minutes of filter collection are shown in Figure 3.2a and Figure 3.2b, 

respectively, for the two combustion conditions at low-temperature (670 °C) and high-

temperature (1035 °C). MMD and Caerosol are stable within 1% and 2.5%, respectively, under both 

combustion conditions. This highlights the stability of the combustion conditions during filter 

collection, a significant advantage of the controlled combustion setup used in this work. Figure 

3.2c shows the particle mass size distributions averaged over the periods shown in Figures 3.2a 

and 3.2b. For both combustion conditions, the BrC mass is dominated by ultrafine (< 100 nm) 

particles, which is typical for organic combustion PM. The small size of ultrafine particles gives 

them a high penetration efficiency in the lungs, allowing them to efficiently realize their 

toxicological effects (Chen et al., 2016). We note that while particle size is an important factor in 

determining the lung penetration depth of inhaled particles, thus their possible toxicity, it is 

unlikely that such factors are relevant in the methods used in this work. Since the BrC particles 

are collected on a filter and then solvent-extracted and dissolved, the particle size statistics that 

describe their properties in the aerosol phase do not apply in the liquid solution.  

3.3.2 Light-absorption properties  

The time series of the imaginary part of the refractive indices at 422 nm (k422) and 532 nm (k532) 

over a 90-minute period of filter collection are shown in Figure 3.3a for the two combustion 
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conditions. k422 and k532 values are stable to within 6% and 5% for the BrC produced at 670 °C and 

1035 °C, respectively, confirming the stability of the combustion conditions. As discussed in 

Section 3.1.1, the light absorption properties of BrC are indicative of their chemical composition 

and of the combustion conditions under which they were produced. As expected, the results in 

Figure 3.3a show that the BrC produced at a higher temperature exhibits stronger light 

absorption at both 422 and 532 nm, in agreement with our previous findings (Cheng et al., 

2019;Saleh et al., 2018). As shown in Figure 3.3b, the larger k is associated with visibly darker BrC 

when collected on Teflon filters. 

Figure 3.3c shows the k values over the wavelength range of 400-800 nm obtained from the 

optical closure analysis (Section 3.2.2). The darker BrC, produced at 1035 °C, has a k532 of 0.028, 

an order of magnitude higher than the BrC produced at 670 °C, with a k532 of 0.003. The k532 

values of the BrC produced at the lower and higher combustion temperatures are similar to those 

of BrC produced from the smoldering (Chakrabarty et al., 2010;Browne et al., 2019) and near-

flaming combustion of biomass fuels (Saleh et al., 2013;Kumar et al., 2018;Xie et al., 2018), 

respectively. Figure 3.3c also shows the difference in the wavelength dependence (w) of k for the 

two types of BrC. The w values calculated were 5.4 and 8.8 for the BrC produced at 1035 °C and 

670 °C, respectively. The coupled k and w reported in this work agree with trends reported in our 

previous works (Cheng et al., 2020;Saleh et al., 2018). The two types of BrC generated in this 

study fall in the categories of weakly absorptive BrC (W-BrC, 10-3 <k550<10-2) and moderately 

absorptive BrC (M-BrC, 10-2 <k550<10-1) suggested by Saleh (2020). As discussed in Section 3.1.1, 

the strength of light absorption by combustion PM determines their effect on atmospheric 

radiation (climate effect). In the case of the BrC produced in this work, that generated at 1035 °C 
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has stronger light absorption and is thus expected to contribute more strongly to warming than 

the BrC produced at 670 °C. 

 

Figure 3.2. Particle size statistics over a filter collection period of 90 minutes for the two 

combustion conditions. The points shown are averages of 5 measured data points, with a data 

point retrieved every 90 seconds. The surrounding shaded areas represent the standard 

deviation throughout measurement. (a) Average particle mass median diameter. (b) Particle 

mass concentration. (c) Particle mass distributions averaged over the entire 90-minute collection 

period. 

3.3.3 Molecular size distributions  

The mass spectra obtained from LDI-MS for the BrC samples are shown in two m/z ranges in 

Figure 3.4. In Figure 3.4a, the spectra of the two samples are shown in relative intensity in the 

range of 150 to 650 m/z units. The spectrum of the sample collected at 670 °C is inverted for 

clarity. A comparison between the two spectra shows that the peaks from the 670 °C condition 
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are concentrated towards the smaller molecular sizes, with the most significant peaks falling 

below 250 m/z. For the 1035 °C condition, peaks are significantly more pronounced for all 

molecular sizes above 200 m/z. In Figure 3.4b, the spectra in the range of 1500 to 4500 m/z, in 

absolute intensity, show the disparity in signal between the two conditions. For the 670 °C 

combustion, peaks are almost nonapparent, while evenly spaced peaks remain apparent 

throughout for the 1035 °C condition. The spectrum of the combustion at 1035 °C also clearly 

shows an even spacing of molecules throughout the low and high molecular size regions. The 

spacings of 12 and 24 atomic mass units, seen in Figure 3.4a, reflect the BrC growth by the 

hydrogen abstraction acetylene addition (HACA) mechanism, the dominant PAH growth 

mechanism in combustion (Wang, 2011). 12 and 24 atomic mass unit-spacings have been 

previously reported by studies using LDI-MS to characterize soot in combustion emissions 

(Faccinetto et al., 2011;Michela et al., 2008).  

 

Figure 3.3. The light absorption properties of the two BrC samples show clear distinctions. (a) 

The imaginary part of the refractive indices at 532 nm (k532) and 422 nm (k422) of the two samples 

over a filter collection period of 90 minutes. (b) Pictures of the two BrC samples collected on 
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Teflon filters. (c) The imaginary part of the refractive index (k) as a function of wavelength for 

both samples averaged over the sampling period. 

The LDI spectra confirm our previously reported findings showing that as the combustion 

conditions approach the BC-formation threshold, the species produced grow in molecular size 

and approach the large carbon structures that constitute BC (Saleh et al., 2018). As discussed in 

Section 3.1.1, the growth in molecular sizes is also accompanied by the stronger light absorption.  

Figures 3.3 and 3.4 show how the BrC produced at 1035 °C had significantly stronger absorption 

and was constituted of species of larger molecular sizes. 

3.3.4 Cytotoxicity 

Figure 3.5a depicts the dose-dependent viability of human lung epithelial cells exposed to BrC 

produced from the combustion of toluene at 670 °C and 1035 °C. The Hill model dose-response 

fits obtained using the EPA’s BMDS software are also plotted (Davis et al., 2011). The response 

of cells to both samples of BrC shows a region of no response at the lower doses and a region of 

a plateauing response towards the higher doses, which is well captured by the Hill model. For the 

BrC sample produced at 670 °C, the cell viability was significantly different (p < 0.05) from control 

for all concentrations at and higher than 10.0 μg/ml, whereas viability was significantly different 

from control at all concentration at or higher than 16.0 μg/ml for the BrC produced at 1035 °C. 

The response of cells exposed to the higher concentrations of BrC produced at 670 °C appears to 

plateau at around 25%, while that of cells exposed to BrC produced at 1035 °C plateaus at around 

65%. For all BrC exposure concentrations at and higher than 27.0 μg/ml, the viability of cells 

exposed to the BrC produced at 670 °C was significantly lower (p < 0.05) than that of cells exposed 

to the BrC produced at 1035 °C.  
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Figure 3.5b shows the dose-response data in Figure 3.5a along with the doses corrected for 

incomplete solubility based on the method explained in Sections 2.5. The OC-EC data and 

correction procedure are detailed in the SI. The BrC concentrations in this figure are all shifted 

towards lower values, indicating that the BrC did not completely dissolve in the media + DMSO 

solution. The trends in this figure reveal that using the design concentrations as is would result 

in an underestimation of the BrC toxicity in the response region of the curve, though not around 

the plateaus, where the viability is constant. The dose correction, however, does not affect the 

observed differences in response across samples, where the BrC produced at 670 °C remains 

significantly more toxic at the higher concentrations.  

 

Figure 3.4. LDI-MS mass spectra of the two BrC samples produced at 670 °C and 1035 °C. (a) Mass 

spectra in the 150 to 650 m/z range, shown in intensity relative to the largest peak, with the laser 

operated at 50% power. (b) Mass spectra in the 1500 to 4500 m/z range, shown in absolute 

intensity, with the laser operated at 100% power and higher sensitivity. The inset in panel (b) 

shows a close up of the spectra in the 2500 to 3000 m/z range.   

While both BrC samples are likely to be primarily composed of PAHs, the BrC produced at higher 

temperature underwent further development on the soot formation pathway, which is reflected 
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in a growth in molecular sizes. This molecular growth is likely to translate into lower 

bioavailability, a measure of a compound’s ability to cross the cellular membrane (Semple et al., 

2004), and thus lower toxicity (Kostal, 2016). The growth is also accompanied by a significant 

reduction in C/H ratios, as the combustion products become more carbonized (Michelsen, 2017). 

Those differences, caused by the change in combustion conditions, could be a critical factor 

causing the difference in cytotoxicity between the two samples. 

Our findings are in qualitative agreement with those of several other studies that compared the 

cytotoxicity of particulate emissions from different modes of combustion (Bølling et al., 

2009;Bølling et al., 2012;Jalava et al., 2010;Tapanainen et al., 2011). However, others found PM 

from more efficient combustion conditions (higher temperatures) to be more toxic (Happo et al., 

2013;Leskinen et al., 2014;Kim et al., 2019;Kim et al., 2018). An explanation of the disagreement 

among different studies could be the difficulty in effectively controlling the combustion 

conditions in real-life sources. Except for Kim et al. (2018, 2019), the studies cited above 

performed their experiments using combustion regimes in which the conditions varied 

significantly within each regime (e.g., temperatures varied over a range of 300 °C in Bølling et al. 

(2012) and Kocbach et al. (2008) within each regime). The variability in combustion conditions 

within each regime, a consequence of the chaotic nature of real-life combustion, induces 

uncertainty that complicates the comparison between the two regimes. The systematic approach 

involving highly controlled combustion conditions in this study minimizes this uncertainty and 

enables isolating the effect of combustion conditions on the toxicity of combustion PM, which 

can help shed light on the design and data interpretation of real-life combustion studies. 
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Figure 3.5. Viability of human lung epithelial cells compared to control after exposure to 

increasing doses of the two BrC samples produced at different combustion conditions. Bars 

represent standard error of the mean. Panel (a) shows the viability against the designed exposure 

dose. Significant differences (p < 0.05) relative to control are shown with a (*) matching the 

sample’s legend color. Significant differences in viability (p < 0.05) between the two combustion 

conditions at a specific dose are marked with a red (*). Panel (b) shows the viability against the 

corrected doses (whole circles) and the design doses (empty squares). Numeric values of the 

corrected doses are shown in Table A2.1.  

Kim et al. (2018, 2019) used a novel method of controlling combustion by surrounding a biomass 

fuel with a moving ring furnace that operated at 500 °C and 640 °C, for smoldering and flaming 

combustion, respectively. Both studies found that the emissions at higher temperature had a 

higher toxicity on a per-unit-mass basis. It should be noted, however, that the higher 

temperature in those studies (640 °C) is close to the lower temperature in our study (670 °C). 

Therefore, the findings of those studies are not necessarily inconsistent with ours. Furthermore, 

Kim et al. (2018) collected both vapor and PM emissions using a cryogenic trap and Kim et al. 
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(2019) exposed mice directly to the biomass combustion exhaust. Thus, both studies were not 

restricted to PM emissions, but accounted for the combined effects of PM and vapor emissions, 

while our study focuses solely on PM. 

The observed biological responses can also depend on differences in certain physicochemical 

properties of the PM (e.g., size, shape, solubility), and the effects of these properties can manifest 

differently depending on the method of exposure, e.g., in vivo or in vitro. For example, in vitro 

exposure often relies on the collection of particulate matter on a filter, to then be extracted using 

a solvent. Under higher temperatures and more efficient conditions, insoluble PM (EC and ash) 

could remain unextracted, thus providing incorrect insight into the cytotoxicity of higher 

temperature combustion PM as a whole. If not fully soluble, those particles could also form 

agglomerates, reducing their effective dose in a submerged exposure setting (Paur et al., 2011). 

An advantage of our combustion setup is that we could control the emissions to produce only 

organics (BrC), leaving our results unaffected by the potential presence of EC or ash. It should be 

noted, however, that by limiting the study to those organics, our methods do not account for the 

cytotoxicity of EC or ash produced at higher temperatures. Further, by focusing on soluble 

species, we only address the toxicity activated through the chemical makeup of PM rather than 

its physical structure, which could also be of importance (BéruBé et al., 2007). In this and other 

submerged exposure studies, the uncertainties in estimating the actual exposure dose make it 

difficult to provide an accurate prediction of per gram toxicity. Clearance mechanisms in in vivo 

exposure could alter the effective exposure time, thus leading to different biological endpoints, 

as suggested by Happo et al. (2013). 
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3.4 Conclusions 
The highly controlled combustion setup used in this study introduces a new method to isolate 

the effect of combustion conditions on the toxicity of the emitted PM. While it does not replace 

experiments using real-word, chaotic combustion to assess the toxicity of residential, traffic, or 

wildfire PM, it paves a way towards better understanding this toxicity by significantly reducing 

the complexity of the problem and focusing on specific components. Using this system, we have 

found that the brown carbon produced from less efficient combustion conditions at lower 

temperatures induced significantly more death in human lung epithelial cells than that produced 

under more efficient conditions at higher temperatures. Our findings indicate that the elevated 

cytotoxicity of brown carbon produced at lower temperatures could be due to the higher 

prevalence of species of smaller molecular sizes compared with the brown carbon produced at 

higher temperatures. 
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Abstract 

The combustion of biomass fuels in wildland fires is a significant source of atmospheric pollutants 

with negative health impacts for millions of people. In the atmosphere, biomass combustion 

emissions undergo myriad processes that lead to the continuous evolution of the chemical 

composition of the biomass burning organic aerosol (BBOA). While BBOA in general has been 

repeatedly shown to have negative health impacts, studies that have investigated the impact of 

atmospheric evolution (or aging) on the toxicity of BBOA are scarce. In this work, we conducted 

laboratory experiments producing BBOA from the combustion of different biomass fuels: dead 

oak foliage, hickory twigs, and pine needles. We used UV radiation to initiate photochemical 

aging of emissions, leading to the production of secondary organic aerosol (SOA). We collected 

fresh and photochemically aged BBOA and compared their toxicity in vitro to human bronchial 

epithelial cells using a cell viability (WST-8) assay. Using ultra-high resolution electrospray 

ionization mass spectrometry (ESI-MS), we found that the aging of the BBOA samples led to 

significant changes in their chemical makeup. Using induction-coupled plasma mass 

spectrometry (ICP-MS), we detected trace concentrations of known toxic heavy metals such as 

arsenic, selenium, manganese, and others. In the cell viability assays, we found that the fresh 

hickory BBOA was the most toxic, followed by the pine and oak BBOA. For all fuels, the fresh 

BBOA particles was slightly more toxic than the aged BBOA at the highest exposure doses. 

However, at intermediate doses, there was a marked difference in the onset of toxicity, with the 

fresh BBOA more toxic at lower doses. The differences in toxicity are likely caused by a 

combination of factors, including the availability and concentrations of toxic metals in the 

different samples as well as chemical changes following oxidation. In general, our findings 
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indicate that both fresh and aged BBOA are significantly toxic. However, we detected differences 

in toxicity at intermediate doses that warrant further investigation.  
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4.1 Introduction 

Wildland fires are a major source of air pollution globally, with significant impacts on health (Jaffe 

et al., 2020;Larsen et al., 2018) and climate (Sokolik et al., 2019). In the United States, it is 

estimated that in 2011, nearly 212 million people lived in counties that were affected by wildfire 

smoke (Knowlton, 2013). Further, between 2008 and 2012, more than 10 million people lived in 

counties that had unhealthy air quality for over 10 days a year due to wildfire smoke, with 

particular implications for vulnerable communities (Rappold et al., 2017). Wildfire emissions have 

been repeatedly associated with increased morbidity, increased hospitalization, and negative 

cardiovascular and respiratory effects (Fann et al., 2018;Cascio, 2018;Dennekamp et al., 2015). 

On the other hand, prescribed wildland fires play an essential role in maintaining the health of 

natural ecosystems and mitigating uncontrolled wildfires (Hiers et al., 2020;O’Brien et al., 2018). 

As the response vis-a-vis air pollution and climate change gears towards lower anthropogenic 

emissions, and as climate change drives wildland fires to increase in frequency and intensity 

(Flannigan et al., 2009;Goss et al., 2020), emissions from both prescribed and wildfires will 

become the dominant health risk for millions of people (Aguilera et al., 2021;Navarro et al., 

2018). However, the physicochemical properties and toxicological effects of biomass combustion 

emissions are still poorly characterized (Jaffe et al., 2020;Black et al., 2017;Sokolik et al., 2019).  

A large fraction of biomass combustion emissions is contributed by organic species in both the 

particle (Lanz et al., 2010;Nicolae et al., 2013) and gas (Akherati et al., 2020;Ahern et al., 2019) 

phases. Immediately after they are emitted, organic combustion emissions undergo processes 

that change their chemical identity and alter their phase state (Garofalo et al., 2019;Cappa et al., 

2020;Hodshire et al., 2019). Downstream of the combustion source, primary organic aerosols 
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(POA), i.e., those that are emitted in the particle phase at the source, react with atmospheric 

oxidants such as ozone and hydroxyl radicals, becoming more oxidized, with higher O:C ratios 

(Cappa et al., 2020;Hodshire et al., 2019). POA could also undergo further changes due to 

photolytic aging (Wong et al., 2017). In addition, species emitted in the vapor phase can undergo 

photooxidation reactions, decreasing their volatility and leading to their condensation into the 

particle phase, thus forming secondary organic aerosols (SOA) (Ahern et al., 2019;Akherati et al., 

2020). In a competing mechanism, the dilution of combustion plumes as they move away from 

the source leads to the evaporation of the more volatile components of the POA. These processes 

lead to fundamentally different biomass burning organic aerosol (BBOA) compositions as 

combustion emissions evolve in the atmosphere and reach human populations, with possible 

implications for their effect on human health.  

While there have been numerous studies documenting the toxicological effects of BBOA using in 

vitro or in vivo biological models (Naeher et al., 2007;Black et al., 2017), there are no studies that 

have looked systematically at the impact of atmospheric aging on the toxicity of BBOA using 

biological models. We have found two studies that compared the oxidative potential (OP) of fresh 

and aged BBOA using the dithiothreitol (DTT) chemical assay (Wong et al., 2019;Jiang and Jang, 

2018). Wong et al. (2019) used field and laboratory data to compare the effect of atmospheric 

transport time (field) and different aging mechanisms (laboratory) on the BBOA’s OP. They 

reported a 50% increase in the OP of field BBOA after only a few hours of atmospheric transport, 

with relatively stable OP after that. In their laboratory experiments, however, they found that 

the aging of BBOA by photolysis increased their OP initially only to cause a decline after some 

time, while aqueous OH oxidation rapidly led to a significant decline in OP. They also examined 
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the effects of dilution and found that the reduction of water-soluble organic content, as the more 

volatile species evaporated, led to a large increase in OP. Jiang and Jang (2018) measured the 

DTT activity of wood smoke particles over a period of several hours of photooxidation. They 

found that the photochemical aging of the particles led to a significant decrease in their OP, which 

they attributed to the decomposition of oxidizers. In all, those studies showed that atmospheric 

processes can have a significant effect on the OP of BBOA. 

In field data that further confirms an effect of aging on the OP of organic aerosols (OA),  Verma 

et al. (2015) used an aerosol mass spectrometer to group ambient OA collected at different 

locations in the southeastern United States according to identity/source. Using the DTT assay, 

they found that BBOA had the highest OP per mol, followed by cooking-OA. Other aerosol 

fractions, such as oxygenated OA and hydrocarbon-like OA had lower intrinsic OP per mol. In 

previous work, Verma et al. (2014) found the BBOA and SOA dominated the OP of ambient 

aerosol in the southeastern United States, with strong seasonal dependence (BBOA in the winter, 

SOA in the summer). Although these studies highlight the importance of BBOA as hazardous 

pollutants, it is not possible to draw a clear distinction between primary BBOA and BBOA-derived 

oxygenated OA, which hinders a conclusion as to how atmospheric aging affects the toxicity of 

BBOA.   

In this study, we produced BBOA from the combustion of different biomass fuels inside an 

environmental chamber. We simulated photochemical atmospheric aging using UV lights, 

initiating photooxidation reactions that led to the condensation of new species into the particle 

phase as well as possible heterogeneous processing of existing particulate species. We collected 

fresh BBOA (before aging under UV lights) and aged BBOA (after aging under UV lights) on Teflon 
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filters. We analyzed the collected particles using ultra-high resolution electrospray ionization 

mass spectrometry to study their chemical composition and induction-coupled plasma mass 

spectrometry to determine their metal content. We treated immortalized human bronchial 

epithelial cells with different concentrations of the fresh and aged BBOA samples from each 

combustion experiment and compared their cytotoxicity toward the cells using a cell viability 

assay.  

4.2 Methods 

4.2.1 Biomass combustion experiments 

We burnt dead oak foliage, hickory twigs, and pine needles, fuels commonly consumed in 

wildland fires in the Southeastern United States (Zheng et al., 2002;Fine et al., 2002), inside a 7.5 

m3 environmental chamber. The environmental chamber was lined with 44 UV lamps (GE 

Blacklight F40BL) on the bottom. Before each experiment, the chamber was conditioned to a 

relative of around 50% to promote OH radical production when the UV lights were turned on. 

After each experiment, the chamber was flushed with clean, dry air with the UV-lights on until 

the next experiment.  

The fuels were either collected from the University of Georgia campus (hickory and oak) or 

purchased from a supply store (pine needles). We dried the fuels inside an oven for 24 hours at 

60 °C to reduce their moisture content. For combustion, we burnt 25-50 grams of each fuel inside 

the environmental chamber, restricting the combustion to the smoldering phase. By focusing the 

experiments on the smoldering stage of combustion, we ensured that there were minimal 

concentrations of black carbon and that the particles inside the chamber were largely soluble in 
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methanol (Li et al., 2016;Chen and Bond, 2010), the importance of which is further discussed 

below.  

We measured the particle size distribution inside the chamber throughout the experiment using 

a scanning mobility particle sizer (SMPS, TSI 3882), covering particles in the range of 10-500 nm. 

The total aerosol concentration (COA) in the chamber was calculated by integrating the SMPS size 

distribution, with an assumed particle density of 1.2 g/cm3 (Sumlin et al., 2018;Cross et al., 2007). 

After the UV lights were turned on, COA increased due to the production of SOA from the 

photooxidation and subsequent condensation of vapor species. We estimated the concentration 

of SOA produced by subtracting the fresh BBOA concentration (i.e., COA before the lights were 

turned on) from the particle concentration after the lights were turned on. To do that 

successfully, we had to account for particle losses to the chamber walls.  In particular, particles 

are known to be lost to chamber walls due to diffusion, convection, and electrostatic or 

gravitational forces (Wang et al., 2018). Thus, while COA grows due to the added SOA, underlying 

wall-losses simultaneously cause a decrease in particle concentration. To correct for wall losses, 

we fit an exponential curve to COA vs time (t) before the UV lights were turned on (t = 0) and 

estimated COA,Fresh (COA of the fresh BBOA at t > 0) accordingly. The concentration of SOA could 

then be calculated using CSOA = COA(t) - COA,Fresh(t). The fold increase in COA, referred to as OA 

enhancement, is calculated as COA,Aged/ COA,Fresh.  

We collected fresh and aged BBOA particles on 47 mm Teflon filters (0.2 microns, Sterlitech 

Corporation, PTU024750), collecting on 4 filters at a time with a flow rate of 5 SLPM through 

each. After collecting the fresh particles, we turned the UV lights on and waited for two hours, 

monitoring the particle concentration throughout. After two hours, we started collecting the 
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aged BBOA, leaving the lights on.  Under each condition, we collected a total of 8 Teflon filters, 

with approximately 300 µg of BBOA on each filter, estimated using COA and the air flowrate 

through the filters. We extracted 7 of the 8 filters collected under each condition in 10 ml of 

methanol inside a glass vial, sonicating the vial for 10 minutes. We then removed the Teflon filters 

and filtered the solution in a glass syringe with a metal luer lock tip through a 13 mm Teflon filter 

(0.2 microns, Sterlitech Corporation, PTU021350) to remove suspended particles, since those 

could create nonuniformities in the exposure tests (Verma et al., 2012;Dilger et al., 2016). As 

mentioned earlier, restricting the combustion experiments to the smoldering phase reduces the 

amount of methanol-insoluble particles, such as black carbon, that would be filtered out in this 

process. Thus, the species extracted in methanol were largely representative of the particles in 

the chamber.  At the end of this process, we had 6 vials representing parent solutions for each of 

the conditions under study (3 biomass fuels, fresh and aged BBOA from each). 

We determined the carbon concentration in the solutions using an OCEC analyzer (Sunset 

Laboratory Inc, model 4L) running the NIOSH-870 protocol (Karanasiou et al., 2015). The OCEC 

analyzer measures the total amount of carbon on a quartz punch by heating the sample at 

different temperature stages and then measuring the carbon species, as CO2, using a non-

dispersive infrared sensor. To measure the concentration of carbon in the solutions, we pipetted 

200 µL of each solution onto a pre-baked 1.5 cm2 punch in 50 µL steps. After each step, we 

allowed the methanol to evaporate under a stream of clean, dry air. To estimate the 

concentration of the parent solutions, we divided the total OC measured by the OCEC analyzer 

by the volume pipetted onto the Quartz filter punch (200 µL). The further preparation of BBOA 

samples for cell exposure is described in Section 2.4.  
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4.2.2 Chemical Analysis  

4.2.2.1 Ultra-high resolution electrospray ionization mass spectrometry 

We used ultra-high resolution electrospray ionization mass spectrometry (ESI-MS) to chemically 

characterize the BBOA samples. To do so, we extracted one half of a Teflon filter collected from 

each combustion experiment in 2 ml of HPLC grade methanol (Sigma Aldrich, >99.9% methanol). 

We then filtered the extract as before in a glass syringe using a 0.2-micron, 13 mm Teflon filter. 

We also prepared a background sample consisting of a fresh Teflon filter extracted and filtered 

in the same procedure as the combustion samples. The mass spectra of the samples were 

obtained using a Bruker SolariX XR 12T. The ESI source was operated in positive ion mode with a 

6000 V capillary voltage. Peaks were picked using open-source software mmass (mmass.org) with 

a signal-to-noise ratio of 3. Background peaks (i.e., those appearing for a blank Teflon filter 

extracted in methanol) were excluded from the sample peaks with a tolerance of 1 ppm. We used 

Formularity, an automated formula assignment software, 

(https://omics.pnl.gov/software/formularity) to identify probable molecular formulae (Tolić et 

al., 2017;Kujawinski and Behn, 2006).  

4.2.2.2 Metal analysis 

Metals are common components in biomass combustion particulate emissions, and their toxicity 

in trace concentrations has been repeatedly demonstrated (Hieu and Lee, 2010;Massey et al., 

2013;Yuan et al., 2019). We analyzed the BBOA samples for metal content using induction-

coupled plasma mass spectrometry (ICP-MS). One half of a Teflon filter corresponding to the 

fresh BBOA samples from each combustion experiment was transferred into a Teflon digestion 

vessel and treated with 5ml of trace metals-grade nitric acid. The vessel was then subjected to 
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microwave digestion, following EPA protocols (USEPA, 1996). After cooling to room temperature, 

the vessels were opened, treated with 20 ml of water, and shaken thoroughly.  1 ml from each 

vessel was then diluted to 10 ml with 1% nitric acid and analyzed using the ICP-MS (Perkin Elmer 

Elan 9000) according to EPA method 200.8 protocol (Creed et al., 1994).  

4.2.3 Toxicity analysis 

4.2.3.1 BBOA sample preparation 

We exposed cells to different doses of the BBOA particles by preparing solutions of 5 

concentrations for each combustion sample. To do so, we first added different volumes from the 

parent BBOA solutions (prepared as described in Section 2.1) into vials. Knowing the 

concentration of the parent BBOA solution from the OCEC analyzer, as explained in Section 2.1, 

this corresponded to adding specific masses of BBOA into each vial. We allowed the methanol to 

evaporate overnight, leaving behind dry BBOA particles. We then added equal volumes of a 

solution of dimethyl sulfoxide (DMSO) in deionized water (1% DMSO in DI water, resulting in a 

0.1% final DMSO concentration at exposure) into each vial. We finally sonicated the vials to 

resuspend the particles in the DI water + DMSO solution, producing solutions of equal volume 

and varying BBOA concentrations. 

4.2.3.2 Cell Preparation 

Cell cultures were prepared by growing immortalized human bronchial epithelial cells (cell line 

16HBE14o) in a cell culture grade T-flask with Bronchial Lung Epithelial Basal Cell medium with 

growth supplements and glutamine (Lonza BEBM™). The cell culture was kept at 37°C in a 

humidified environment with 5% CO2. The medium was replaced every 2 days until a confluence 

of 70-80 % was reached, after which the cells were split enzymatically by a 5-minute incubation 
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in 0.18% trypsin (and 5 mM EDTA) followed by centrifugation at 1100 rpm for 7 minutes. The 

supernatant was discarded, and fresh medium was added to the cell pellet. The cells were 

counted by trypan blue assay using an automated Cell Counter (Nano EnTek).  

4.2.3.3 Cytotoxicity evaluation 

The cytotoxicity of the BBOA samples was assessed in vitro in 96-well plates using a tetrazolium 

salt-based colorimetric WST-8 assay (2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-

disulfophenyl)-2H-tetrazolium, monosodium salt)) from Sigma Aldrich’s Cell Counting Kit-8 (CCK-

8, Sigma Aldrich). The cleavage of the salt by viable cells leads to the formation of formazan, the 

concentration of which can then be measured optically due to its absorbance of light at 450 nm. 

Thus, higher absorption at 450 nm corresponds to higher cell viability.  

We evaluated the cytotoxicity of the 6 different BBOA samples at 5 doses each. At each dose, we 

conducted the exposure in quintuplets, and the experiments were repeated 2 times.  In 96-well 

plates, each well contained 90 µL of cells in media, at a concentration 1000 cells/well. We added 

10 µL of the BBOA in water + DMSO solutions into each well and 10 µL of water + DMSO into the 

control and blank wells. The final concentrations of the BBOA at exposure were 2, 20, 55, 90, and 

215 µg BBOA/mL. After adding the BBOA samples, we used a plate reader (Cytation 5, Biotek, 

Winooski, VT) to measure the background absorption of the cells + BBOA at 450 and 650 nm prior 

to adding the WST-8 assay. Since the BBOA samples are light absorbing, their absorption can be 

confounded with the absorption by formazan, biasing the cell viability estimates. After 24-hour 

incubation, we added the WST-8 assay according to the manufacturer’s specifications. We then 

used the Cytation-5 plate reader to measure the absorption at 450 and 650 nm, corresponding 
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to the formazan and formazan-free absorption, respectively. We calculated the viability in each 

well as: 

𝑉𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 (%) =  100 × 
൫𝑠𝑎𝑚𝑝𝑙𝑒ସହ଴ − 𝑠𝑎𝑚𝑝𝑙𝑒௕௞௚,ସହ଴൯ − ൫𝑠𝑎𝑚𝑝𝑙𝑒଺ହ଴ − 𝑠𝑎𝑚𝑝𝑙𝑒௕௞௚,଺ହ଴൯

൫𝑐𝑜𝑛𝑡𝑟𝑜𝑙ସହ଴ − 𝑐𝑜𝑛𝑡𝑟𝑜𝑙௕௞௚,ସହ଴൯ − ൫𝑐𝑜𝑛𝑡𝑟𝑜𝑙଺ହ଴ − 𝑐𝑜𝑛𝑡𝑟𝑜𝑙௕௞௚,଺ହ଴൯
 

Here, the sampleλ corresponds to the absorption at wavelength λ nm after the addition of WST-

8, whereas samplebkg,λ corresponds to the absorption measured prior to the addition of WST-8. 

The same applies to controlλ and controlbkg,λ.  

4.2.4 Statistical Analysis 

We conducted analysis of variance (ANOVA) followed by the Bonferroni post-hoc test to 

determine significant differences in cell viability within each sample relative to control, across 

fresh and aged samples from each fuel combustion experiment, and across the fresh and aged 

samples from different fuels. Significant differences are reported as p < 0.05. We further fit the 

cytotoxicity data to a 5th degree exponential function using EPA’s BMDS 3.2 tool 

(https://www.epa.gov/bmds) and determined the benchmark dose (BMD) that caused a 50% 

reduction in cell viability.  

4.3 Results and discussion 

4.3.1 Photochemical aging and SOA formation 

Figure 4.1 shows a time series of the total particle concentration (COA) in the chamber produced 

from the combustion of hickory twigs. The COA time series for the combustion of oak foliage and 

pine needles are shown in Figures A3.1. At t <0, COA decays due to wall loss in the chamber. At t 

= 0, when the UV lights were turned on, a reversal in the decay of COA is observed due to the 

production of SOA. In order to estimate the amount of SOA produced, we fit COA vs t at t<0 to an 

exponential decay function. We then used this fit to determine what the particle mass would be 
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without the additional SOA (i.e., COA,Fresh in Section 2.1).  The fit is shown in dashed lines in Figure 

4.1. We estimated the mass of SOA produced as the maximum difference between COA and 

COA,Fresh at t>0, as shown in the figure. The OA enhancement, or the fold increase in OA 

concentration due to the mass contributed by the newly formed SOA, was approximately 1.42 

for the oak BBOA, 1.46 for the hickory BBOA, and 1.21 for the pine BBOA. It is important to note 

that the aging of the BBOA is not restricted to the production of SOA from the photooxidation of 

volatile species. Heterogenous oxidation reactions can also alter the chemical composition of 

species in the particle phase. 

 

Figure 4.1. The evolution of particle mass concentration in the chamber (COA) for the hickory 

twigs combustion experiment. At t = 0, the UV lights were turned on and the photochemical 

aging of the emissions began, evident by a spike in COA due to the formation of SOA. The figure 

also shows the exponential fit to the fresh BBOA, used to estimate the OA enhancement due to 

SOA formation. 
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4.3.2 Chemical speciation 

The mass spectra of the different fresh and aged combustion samples, retrieved using ultra-high 

resolution ESI-MS, are shown in Figure 4.2. Several thousand formula assignments were 

completed for each sample, with a number of such assignments displayed in the figure. The 

compounds depicted in Figure 4.2 include species that are common markers for or have been 

identified in biomass combustion emissions along with species that have been previously 

identified as secondary organic compounds. Those include levoglucosan (C6H10O5) (Fraser and 

Lakshmanan, 2000;Robinson et al., 2006),  fructose (C6H12O6) (Medeiros et al., 2006;Kourtchev 

et al., 2008), diethyl phthalate (C12H14O4) (Straka and Havelcova, 2012;Smith et al., 2009), dibutyl 

phthalate (C16H22O4) (Smith et al., 2009;Straka and Havelcova, 2012) as the biomass combustion 

emission markers. We also identified some compounds that were only present in the aged BBOA 

samples such as C10H14O, C8H12O8, C16H30O5 (Kourtchev et al., 2015), C10H16O6, C10H18O5 (Pereira 

et al., 2014), and others. There are evident qualitative differences between the spectra of the 

different combustion samples shown in Figure 4.2. Quantitatively, those differences were also 

apparent as thousands of compounds that were distinct between the fresh and aged BBOA 

samples or across the BBOA samples from different fuels.  
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Figure 4.2. The mass spectra in the range of 100-500 m/z of the different BBOA samples, 

retrieved using ultra-high resolution ESI-MS. Prominent peaks are labeled with chemical 

formulae retrieved using Formularity. Compounds identified in the aged but not in the fresh 

BBOA are labeled with an asterisk. Note that the mass to charge ratio includes the mass of the 

charge carrier, H+
 or Na+

.   

In Figure 4.3, those differences are summarized as the fractions of each sample contributed by 

species of different elemental compositions. The procedure for calculating those fractions is 

included in the appendix A3.2. Both similarities and differences between the elemental 

compositions of the different samples can be observed. For all of the samples, the identified 
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species were composed predominantly of compounds with a CHO or CHON elemental 

composition, in agreement with previous studies (Lanz et al., 2010;Nicolae et al., 2013). However, 

the hickory combustion sample had more sulfur containing species than the oak and pine 

samples, in which the fraction by mass of the sulfur-containing species did not exceed 5% (not 

shown). The differences between the fresh and aged samples can also be discerned. For example, 

for the hickory and oak samples, oxidation led to an increase in the fraction of CHON species, 

which could be explained by the condensation of nitrogen-containing species that have been 

previously detected in aged BBOA (Hatch et al., 2015;Warneke et al., 2011;Laskin et al., 2009). 

 

Figure 4.3. Mass fractions of species with distinct elemental compositions in the different BBOA 

samples.  
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The effect of photo-oxidation is most apparent in Figure 4.4a, which shows the ratio of organic 

matter (OM) to organic carbon (OC), OM:OC, plotted against their O:C ratio. In Figure 4.4b, we 

also show the O:C vs N:C ratios of the fresh and aged particles. As mentioned earlier, the 

oxidation of organic compounds leads to an increase in their O:C ratios (Cappa et al., 

2020;Hodshire et al., 2019). In agreement with the trends of OA enhancement (as seen in Figure 

4.1), the largest change in O:C upon oxidation was for the hickory sample (OA enhancement = 

1.46), which increased from 0.28 to 0.33. The O:C ratio for the oak sample (OA enhancement = 

1.42) increased from 0.25 to 0.27 upon oxidation, whereas the that of the pine sample (OA 

enhancement = 1.21) increased from 0.37 to 0.38. It is also worth noting the natively higher O:C 

ratio of the pine sample. The O:C ratios reported here and their change upon oxidation are 

consistent with those reported in other studies (Ahern et al., 2019). In concurrence with the O:C 

ratio, the OM:OC ratio also increased with oxidation for all fuels, with a trend correlating with OA 

enhancement and in agreement with previous reports of OM:OC (Aiken et al., 2008). In Figure 

4.4b, a slight increase in the N:C ratio with aging can be observed for the oak and hickory BBOA, 

which, as explained earlier, can be explained by the condensation of nitrogen-containing volatile 

organics found in BBOA (Hatch et al., 2015;Warneke et al., 2011;Laskin et al., 2009). 



105 

 

 

Figure 4.4. The changes in (a) OC:OM vs O:C and (b) N:C vs O:C ratios upon aging calculated for 

the different combustion samples. 

4.3.3 Heavy metals 

Table 1 shows the concentrations of different toxic heavy metals detected in the fresh BBOA 

combustion samples, retrieved using ICP-MS. The concentration of the metals in the aged BBOA, 

calculated using the OA enhancement as described in Section 2.2.2, is also shown. The detected 

metals are known to be correlated with increased toxicity and OP of PM samples (De Kok et al., 

2006;Mirowsky et al., 2015;Steenhof et al., 2011). Cobalt (Cb), with established toxicity (Leyssens 

et al., 2017), was among the most abundant metals detected in the BBOA from the different 

fuels. Cadmium (Cd) (Bernhoft, 2013;Zwolak, 2020;Genchi et al., 2020;Satarug et al., 2017) was 

also detected in trance concentrations in all samples. Toxic metals such as chromium (Cr) (Costa 

and Klein, 2006;Shekhawat et al., 2015;Gad, 1989;Pavesi and Moreira, 2020), manganese (Mn) 

(O’Neal and Zheng, 2015), and nickel (Ni) (Buxton et al., 2019;Fu and Xi, 2020) were detected in 

the pine and oak BBOA but not in the hickory BBOA. Other toxic metals such arsenic (As) (Jomova 

et al., 2011;Bjørklund et al., 2018;Sodhi et al., 2019), Antimony (Sb) (Winship, 1987;Cooper and 
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Harrison, 2009), Selenium (Sun et al., 2014;MacFarquhar et al., 2010;Nuttall, 2006), and Thallium 

(Tl) (Cvjetko et al., 2010;Osorio-Rico et al., 2017) were detected in hickory but not in pine or oak. 

Given the established role of metals in the toxicity of particulate matter, those differences could 

cause different toxicological endpoints, as further discussed in Section 3.4. 

Table 4.1. The concentrations of different metals found in the fresh BBOA from the combustion 

of the different fuels. Concentrations are shown as ng of metal in µg of BBOA. 

 Hickory Pine Oak 
Metal Metal concentration (ng/µg) 

As 0.56 ND ND 
Ba 0.10 0.06 0.34 
Cd 0.03 0.01 0.01 
Co 1.07 1.59 1.59 
Cr ND 0.48 0.38 

Mn ND 0.88 1.02 
Ni ND 0.96 0.08 
Sb 0.27 ND ND 
Se 1.27 ND ND 
Tl 2.39 ND ND 

 

4.3.4 Cytotoxicity 
We evaluated the cytotoxicity of the different combustion samples at 5 different exposure 

concentrations by measuring the cell viability using the WST-8 assay. In Figure 4.5, the cell 

viability w.r.t control is shown after 24-hour exposure to each of the fresh and aged BBOA from 

the 3 different fuels. The dashed lines represent the 5th degree exponential fits calculated using 

BMDS 3.2. All samples exhibited typical dose-response profiles, with a significant decrease in cell 

viability at all exposure doses equal to or higher than 20 µg BBOA/ml. The results in Figure 4.5 

reflect dependence of cell viability (i.e. toxicity) on both fuel type and photochemical age. These 

trends can be conveniently summarized using the BMD required to reach 50% cell viability, where 
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a smaller BMD indicates higher toxicity. The retrieved BMD values are shown in Figure 4.5 for 

each sample over its corresponding panel along with its 95% confidence interval. Comparing BMD 

values of the fresh BBOA, our results indicate significant differences in toxicity between the three 

fuels, with fresh BBOA from hickory combustion being the most toxic, followed by pine, and oak. 

For all fuels, the BMD for the fresh BBOA was significantly lower than the BMD of the aged BBOA, 

thus indicating a decrease in toxicity with photochemical aging. The variation in BMD of the aged 

BBOA samples across fuels was smaller than for the fresh BBOA, with aged BBOA from hickory 

combustion being more toxic than pine and oak, which had similar toxicities. 

 

Figure 4.5. The normalized cell viability of human bronchial epithelial cells exposed to fresh and 

aged BBOA particles from the combustion of (a) hickory twigs, (b) dead pine needles, and (c) dead 

oak foliage. The dashed lines represent 5th degree exponential fits and asterisks indicate 

significant differences cell viability between the fresh and aged BBOA. Above the panel for each 

fuel is the BMD for 50% reduction in cell viability. 

Given the relatively small number of samples in this study, it is not straightforward to establish 

clear linkages between the observed differences in the toxicity of BBOA from different fuels and 

their chemical composition. As shown in Figure 4.3, all BBOA samples were predominantly 
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composed of oxygenated and nitrated hydrocarbons (CHOs and CHONs), which are known to 

exhibit high OP (Misaki et al., 2016;McCarrick et al., 2019;Chlebowski et al., 2017). Therefore, 

one might expect OP, and potentially toxicity, to correlate with O:C and N:C (Chowdhury et al., 

2018;Tuet et al., 2017). However, the variations in O:C and N:C (Figure 4.4b) and in BMD (Figure 

4.5) do not allow for deriving any conclusions beyond stating that both could have an effect on 

toxicity. For example, among the fresh BBOA samples, pine BBOA has the highest O:C, the lowest 

N:C, and a BMD in between that of the other two fresh samples. 

Our results indicate that the aged BBOA was significantly less toxic than the fresh BBOA for all 

fuels, which is in-line with the findings of Jiang and Jang (2018), who found that atmospheric 

aging decreased the OP of BBOA due to the decomposition of oxidizing species. However, Wong 

et al. (2019) presented a more complicated picture in which the OP of lab-aged BBOA decreased 

over time while that of field-collected BBOA increased. However, their findings also uncovered 

an important role for dilution, whereby diluted samples had significantly higher OP per unit mass. 

A role for heavy metals, as discussed next, would help explain this increased OP.  

Though existing in trace amounts, it is plausible that heavy metals play an important role in the 

observed variation in toxicity among the BBOA samples. As shown in Table 1, there is a significant 

variation in the concentrations in heavy metals across samples. There are no definitive 

comparative studies on the relative toxicity of these metals. However, arsenic (As) is considered 

one of the most highly toxic heavy metals in atmospheric particles (alongside lead and mercury) 

) (Jomova et al., 2011;Bjørklund et al., 2018;Sodhi et al., 2019). The fact that it was only detected 

in the hickory BBOA samples might explain why hickory BBOA exhibited the highest toxicity 

compared to the other samples. Furthermore, the toxicity being driven by heavy metals would 
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explain the observed decrease in BBOA toxicity upon photochemical aging. While we did not 

measure the concentrations of heavy metals in the aged samples, OA enhancement due to SOA 

formation is expected to dilute the heavy metals in the particles, thus reducing their 

concentrations in the aged BBOA doses. This would agree with finding by Wong et al. (2019) that 

BBOA dilution, which would have the opposite effect of concentrating the heavy metals in the 

particles, led to a significant increase in OP per unit mass.      

4.4 Conclusions 

We produced BBOA from the combustion of dead oak foliage, hickory twigs, and pine needles 

inside an environmental chamber. We then simulated the effects of atmospheric photochemical 

aging using UV lights installed in the chamber. Using a WST-8 cell viability assay, we found that 

the BBOA from the combustion of hickory twigs was the most toxic to cells. Further, for all fuels, 

we found that the fresh BBOA was significantly more toxic than the aged BBOA. Although we 

identified significant differences in the chemical compositions of the fresh and aged BBOA, we 

could not conclusively attribute the differences in toxicity to one factor or another. However, the 

differences in toxic metal content between the fresh and aged samples as well as between the 

different fuels likely play an important role. In all, we recommend that further studies are 

conducted to isolate the impact of the multiple factors at play. 
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CHAPTER 5 

CONCLUSION 

In this dissertation, we aimed to expand the state of the knowledge on biomass combustion 

emissions in general and BrC in particular. This was accomplished in multiple aspects. On the first 

front, we contributed to the growing understanding of the physicochemical properties of BrC by 

characterizing its strongly absorbing, methanol-insoluble fraction. On another, we examined the 

effect of combustion conditions on the toxicity of BrC. Finally, we also investigated the effect of 

aging on the toxicity of biomass combustions emissions.  

In Chapter 2, we reported the existence of a methanol-insoluble BrC fraction produced in biomass 

combustion that is significantly more light-absorbing than the methanol-soluble BrC fraction. 

Those findings contribute to the growing body of literature on the association between solubility 

and its light-absorption properties of BrC. In agreement with previous studies, we found that 

methanol was efficient at extracting organic matter produced in our biomass-burning 

experiments, retrieving 90% ± 5% of the total carbonaceous species. However, we also showed 

the remaining methanol-insoluble fraction was critical in dictating the light-absorption properties 

of the BRC. Thus, our results showed that relying on methanol extraction to constrain the light-

absorption properties of biomass-burning BrC results in a severe misrepresentation of these 

properties, leading to an order-of-magnitude underestimation of BrC light absorption at mid-

visible wavelengths.  
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In Chapter 3, we used a highly controlled combustion setup to isolate the effect of combustion 

conditions on the toxicity of the emitted PM. Using this system, we introduced a new way to 

better understand the toxicity of combustion PM by significantly reducing the complexity of the 

problem and focusing on specific components. We found that the BrC produced from less 

efficient combustion conditions at lower temperatures induced significantly more death in 

human lung epithelial cells than that produced under more efficient conditions at higher 

temperatures. Coupled with chemical speciation we conducted, our findings indicate that the 

elevated cytotoxicity of BrC produced at lower temperatures could be due to the higher 

prevalence of species of smaller molecular sizes compared with the BrC produced at higher 

temperatures. 

In Chapter 4, we produced biomass burning organic aerosols from the combustion of different 

biomass fuels inside an environmental chamber. We then used UV lights installed in the chamber 

to simulate the effect of photochemical atmospheric aging, producing significant amounts of 

secondary organic aerosols. We collected the fresh and aged particles on Teflon filters and 

analyzed their molecular composition using ultra-high resolution electrospray ionization mass 

spectrometry. We also used induction coupled plasma mass spectrometry to detect trace 

concentrations of toxic metals in the particles. In order to examine the effect of aging on the 

toxicity of the particles, we used the WST-8 cell viability assay. We found that both fresh and 

aged particles were very toxic to cells at high exposure concentrations. However, fresh particles 

were significantly more toxic at lower concentrations. Among the different fuels we studied, we 

found that hickory, which uniquely contained some toxic metals such as arsenic and selenium, 

was the most toxic.  The difference in toxic metal content between the fresh and aged samples 
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as well as between the different fuels is likely a contributing factor for their different toxicological 

outcomes. However, our findings suggest that further studies are needed to isolate the impact 

of the multiple factors at play. 



125 

 

 

 

APPENDIX 1 

SUPPLEMENTAL INFORMATION FOR CHAPTER 2 

A DOMINANT CONTRIBUTION TO LIGHT ABSORPTION BY METHANOL-INSOLUBLE BROWN 

CARBON PRODUCED IN THE COMBUSTION OF BIOMASS FUELS 
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A1.1. Uncertainty Analysis: 

A1.1.1. 𝑇𝑀 =  𝑇𝑀ொ,௨௡௘௫௧௥௔௖௧௘ௗ −  𝑇𝑀ொ஻் 

𝜎்ெ
ଶ = 𝜎்ெೂ,ೠ೙೐ೣ೟ೝೌ೎೟೐೏

ଶ  + 𝜎்ெೂಳ೅

ଶ   

A1.1.2. 𝑂𝑀ெௌ஻௥஼  =  ൫𝑇𝑀ொ,௨௡௘௫௧௥௔௖௧௘ௗ  − 𝑇𝑀ொ஻்൯ − 𝑇𝑀௘௫௧௥௔௖௧௘ௗ  

𝜎ைெಾೄಳೝ಴

ଶ = 𝜎்ெೂ,ೠ೙೐ೣ೟ೝೌ೎೟೐೏

ଶ  + 𝜎்ெೂಳ೅

ଶ +  𝜎்ெ೐ೣ೟ೝೌ೎೟೐೏

ଶ   

Where 𝜎்ெೂ,ೠ೙೐ೣ೟ೝೌ೎೟೐೏
, 𝜎்ெೂಳ೅

, and 𝜎்ெ೐ೣ೟ೝೌ೎೟೐೏
 are retrieved from the OCEC analyzer. 

A1.1.3. 𝑓ெௌ஻௥஼  =  
ைெಾೄಳೝ಴

்ெ
;  𝑓ெூ஻௥஼  =  

ைெಾ಺ಳೝ಴

்ெ
;  𝑓ா஼  =  

ா஼

்ெ
  

𝜎௙ಾೄಳೝ಴

ଶ = 𝜎ைெಾೄಳೝ಴

ଶ ൫1
𝑇𝑀ൗ ൯

ଶ
 + 𝜎்ெ

ଶ  ቀ
𝑂𝑀ெௌ஻௥஼

𝑇𝑀ଶൗ ቁ
ଶ

 

𝜎௙ಾ಺ಳೝ಴

ଶ = 𝜎ைெಾ಺ಳೝ಴

ଶ ൫1
𝑇𝑀ൗ ൯

ଶ
 + 𝜎்ெ

ଶ  ቀ
𝑂𝑀ெூ஻௥஼

𝑇𝑀ଶൗ ቁ
ଶ

 

𝜎௙ಶ಴

ଶ = 𝜎ா஼
ଶ ൫1

𝑇𝑀ൗ ൯
ଶ

 + 𝜎்ெ
ଶ  ቀ𝐸𝐶

𝑇𝑀ଶൗ ቁ
ଶ

 

A1.1.4. 𝑘ெௌ஻௥஼,ఒ =
஺(ఒ)

஼ಾೄಳೝ಴ 
×

௟௡ଵ଴ఘఒ

ସగ௅
  

 

𝜎௞ಾೄಳೝ಴,ഊ

ଶ = ൬
𝑙𝑛10𝜌𝜆

4𝜋𝐿
൰

ଶ

 × ቆ𝜎஺(ఒ)
ଶ ቀ1

𝐶ெௌ஻௥஼
ൗ ቁ

ଶ

+ 𝜎஼ಾೄಳೝ಴

ଶ ൬𝐴(𝜆)
𝐶ெௌ஻௥஼

ଶ൘ ൰
ଶ

ቇ  

Where 𝐶ெௌ஻௥஼  is the concentration of the MSBrC solution and 𝜎஼ಾೄಳೝ಴
 is retrieved from the OCEC 

analyzer. 𝜎஺(ఒ)is 1% of 𝐴(𝜆), per manufacturer’s specifications.  

A1.1.5. 𝑤 =  
୪୭୥(௞రమమ/௞ఱయమ)

୪୭୥(ହଷଶ/ସଶଶ)
 

 

𝜎௪
ଶ = ቌ

1

ln ቀ532
422ൗ ቁ

ቍ

ଶ

 × ൬𝜎௞రమమ

ଶ ቀ1
𝑘ସଶଶ

ൗ ቁ
ଶ

+ 𝜎௞ఱయమ

ଶ ቀ1
𝑘ହଷଶ

ൗ ቁ
ଶ

൰ 

In the cases where the equation above corresponds to aerosol measurements, 𝜎௞ഊ
is the standard 

deviation of the 𝑘ఒ values calculated from Mie theory calculations. For MSBrC and MIBrC, 𝜎௞ഊ
is 

calculated as described below.  
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A1.1.6. 𝑘ହହ଴ =  𝑘ହଷଶቀ550
532ൗ ቁ

ି௪
 

 

𝜎௞ఱఱబ

ଶ = 𝜎௞ఱయమ

ଶ ቀ550
532ൗ ቁ

ି௪
+ 𝜎௪

ଶ ቀ𝑘ହଷଶ × 𝑙𝑛ቀ550
532ൗ ቁ × ቀ550

532ൗ ቁ
ି௪

ቁ
ଶ

 

 

A1.1.7. 𝑘ெூ஻௥஼,ఒ =  ቀ𝑘஻௥஼,௔௘௥௢௦௢௟,ఒ  − 𝑘ெௌ஻௥஼,ఒ
௙ಾೄಳೝ಴

௙ಾೄಳೝ಴ା௙ಾ಺ಳೝ಴
ቁ 

௙ಾೄಳೝ಴ା௙ಾ಺ಳೝ಴

௙ಾ಺ಳೝ಴
 

 

𝜎௞ಾ಺ಳೝ಴,ഊ

ଶ = 𝜎஻௥஼,௔௘௥௢௦௢௟,ఒ
ଶ ൬

𝑓ெௌ஻௥஼ + 𝑓ெூ஻௥஼

𝑓ெூ஻௥஼
൰

ଶ

+ 𝜎௞ಾೄಳೝ಴,ഊ

ଶ ൬
𝑓ெௌ஻௥஼

𝑓ெூ஻௥஼
൰

ଶ

+ 𝜎௙ಾೄಳೝ಴

ଶ ൬
𝑘஻௥஼,௔௘௥௢௦௢௟,ఒ − 𝑘ெௌ஻௥஼,ఒ

𝑓ெூ஻௥஼
൰

ଶ

+ 𝜎௙ಾ಺ಳೝ಴

ଶ ቆ
𝑘஻௥஼,௔௘௥௢௦௢௟,ఒ × 𝑓ெௌ஻௥஼ − 𝑘ெௌ஻௥஼,ఒ × 𝑓ெௌ஻௥஼

𝑓ெூ஻௥஼
ଶ ቇ

ଶ

 

Where 𝜎஻௥஼,௔௘௥௢௦௢௟,ఒ is the standard deviation of the 𝑘ఒ values calculated from Mie theory 

calculations. 

A1.1.8. 𝑋௔௕௦,ா஼,ఒ =  
௕ೌ್ೞ,ಶ಴

௕ೌ್ೞ
 

𝜎௑ೌ್ೞ,ಶ಴

ଶ = 𝜎௕ೌ್ೞ,ಶ಴

ଶ ቀ1
𝑏௔௕௦

ൗ ቁ
ଶ

+ 𝜎௕ೌ್ೞ

ଶ ൬
𝑏௔௕௦,ா஼

𝑏௔௕௦
ଶ൘ ൰

ଶ

 

Where 𝜎௕ೌ್ೞ
 is the standard deviation of the absorption measured from multi-PAS III and 𝜎௕ೌ್ೞ,ಶ಴

 

is the standard deviation of the absorption attributed to EC.  

A1.1.9. 𝑋௔௕௦,ெௌ஻௥஼,ఒ =  ൫1 − 𝑋௔௕௦,ா஼,ఒ൯
ቀ௞ಾೄಳೝ಴,ഊ×௙ಾೄಳೝ಴/(௙ಾೄಳೝ಴ା௙ಾ಺ಳೝ಴)ቁ 

௞ಳೝ಴,ഊ
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𝜎௑ೌ್ೞ,ಾೄಳೝ಴,ഊ

ଶ = 𝜎௑ೌ್ೞ,ಶ಴,ഊ

ଶ ቌ
ቀ𝑘ெௌ஻௥஼,ఒ × 𝑓ெௌ஻௥஼/(𝑓ெௌ஻௥஼ + 𝑓ெூ஻௥஼)ቁ 

𝑘஻௥஼,ఒ
ቍ

ଶ

+ 𝜎௞ಾೄಳೝ಴,ഊ

ଶ ቆ
൫1 − 𝑋௔௕௦,ா஼,ఒ൯𝑓ெௌ஻௥஼/(𝑓ெௌ஻௥஼ + 𝑓ெூ஻௥஼) 

𝑘஻௥஼,ఒ
ቇ

ଶ

+ 𝜎௙ಾೄಳೝ಴

ଶ ቆ
൫1 − 𝑋௔௕௦,ா஼,ఒ൯𝑘ெௌ஻௥஼,ఒ

𝑘஻௥஼,ఒ
×

𝑓ெூ஻௥஼

(𝑓ெௌ஻௥஼ + 𝑓ெூ஻௥஼)ଶቇ

ଶ

+ 𝜎௙ಾ಺ಳೝ಴

ଶ ቆ
൫1 − 𝑋௔௕௦,ா஼,ఒ൯𝑘ெௌ஻௥஼,ఒ × 𝑓ெௌ஻௥஼

𝑘஻௥஼,ఒ × (𝑓ெௌ஻௥஼ + 𝑓ெூ஻௥஼)ଶ ቇ

ଶ

+ 𝜎௞ಳೝ಴,ഊ

ଶ ൮൫1 − 𝑋௔௕௦,ா஼,ఒ൯
ቀ𝑘ெௌ஻௥஼,ఒ × 𝑓ெௌ஻௥஼/(𝑓ெௌ஻௥஼ + 𝑓ெூ஻௥஼)ቁ 

𝑘஻௥஼,ఒ
ଶ ൲

ଶ

 

 

A1.1.10. 𝑋௔௕௦,ெூ஻௥஼,ఒ =  ൫1 − 𝑋௔௕௦,ா஼,ఒ൯
ቀ௞ಾ಺ಳೝ಴,ഊ×௙ಾ಺ಳೝ಴/(௙ಾೄಳೝ಴ା௙ಾ಺ಳೝ಴)ቁ 

௞ಳೝ಴,ഊ
 

𝜎௑ೌ್ೞ,ಾ಺ಳೝ಴,ഊ

ଶ = 𝜎௑ೌ್ೞ,ಶ಴,ഊ

ଶ ቌ
ቀ𝑘ெூ஻௥஼,ఒ × 𝑓ெூ஻௥஼/(𝑓ெௌ஻௥஼ + 𝑓ெூ஻௥஼)ቁ 

𝑘஻௥஼,ఒ
ቍ

ଶ

+ 𝜎௞ಾ಺ಳೝ಴,ഊ

ଶ ቆ
൫1 − 𝑋௔௕௦,ா஼,ఒ൯𝑓ெூ஻௥஼/(𝑓ெௌ஻௥஼ + 𝑓ெூ஻௥஼) 

𝑘஻௥஼,ఒ
ቇ

ଶ

+ 𝜎௙ಾ಺ಳೝ಴

ଶ ቆ
൫1 − 𝑋௔௕௦,ா஼,ఒ൯𝑘ெூ஻௥஼,ఒ

𝑘஻௥஼,ఒ
×

𝑓ெூ஻௥஼

(𝑓ெௌ஻௥஼ + 𝑓ெூ஻௥஼)ଶ
ቇ

ଶ

+ 𝜎௙ಾೄಳೝ಴

ଶ ቆ
൫1 − 𝑋௔௕௦,ா஼,ఒ൯𝑘ெூ஻௥஼,ఒ × 𝑓ெூ஻௥஼

𝑘஻௥஼,ఒ × (𝑓ெௌ஻௥஼ + 𝑓ெூ஻௥஼)ଶ
ቇ

ଶ

+ 𝜎௞ಳೝ಴,ഊ

ଶ ൮൫1 − 𝑋௔௕௦,ா஼,ఒ൯
ቀ𝑘ெூ஻௥஼,ఒ × 𝑓ெூ஻௥஼/(𝑓ெௌ஻௥஼ + 𝑓ெூ஻௥஼)ቁ 

𝑘஻௥஼,ఒ
ଶ ൲

ଶ

 

A1.2. Light absorption by the EC fraction 

We employed alternative methods of estimating the contribution of the EC fraction to light 

absorption. In the main text, we assumed that the EC fraction was externally mixed with the BrC 
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and constituted a fraction of the number distribution equal to fEC. We then used Mie Theory 

calculations to calculate the absorption by the EC fraction of the distribution.  

Here, we use the Rayleigh-Debye-Gans (RDG) approximation to estimate the absorption by the 

EC fraction. In RDG, we assumed a diameter of 50 nm for the EC spherules, as an intermediate 

estimate between previously used values (Adler et al., 2010). The total number of EC spherules 

in a distribution can then be estimated by dividing the EC mass concentration in the distribution 

(i.e., COA x fEC) by the mass of a single spherule, assuming an EC (black carbon) density of 1.8 g/cm3 

(Bond et al., 2013).  

We used RDG to estimate 𝑋௔௕௦,ா஼ and then retrieve 𝑘ெூ஻௥஼,ఒ, as in the main text. The results of 

𝑘ெூ஻௥஼,ఒ are shown in Figure A1.1 using the alternative calculation methods. On average, the 

difference between 𝑘ெூ஻௥஼,ఒ,ெ௜௘and 𝑘ெூ஻௥஼,ఒ,ோ஽ீ  was around 3%, with one maximum value of 

10%.  

 

Figure A1.1. k422 and k422 calculated for the MIBrC using the assumptions of spherical elemental 

carbon particles and using the Rayleigh-Debye-Gans (RDG) approximation. At both wavelengths, 
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there was little difference between the two methods due to the small fraction of elemental 

carbon in our samples.  
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APPENDIX 2 

SUPPLEMENTAL INFORMATION FOR CHAPTER 3 

PHYSICOCHEMICAL PROPERTIES AND CYTOTOXICITY OF BROWN CARBON PRODUCED UNDER 

DIFFERENT COMBUSTION CONDITIONS 
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A2.1. UV-vis measurements of brown carbon extracts 

We measured the UV-Vis absorbance in the range of 400-800 nm at a 1 nm resolution using a 

UV-Vis spectrophotometer (Agilent, Cary 60). We then retrieved the imaginary component of the 

refractive index k from the measured absorbance following the method of 

The UV-vis absorbance 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 

wavelength-dependent imaginary part of the refractive index of the extracts (kextracts) from the 

measured absorbance following the method of (Sun et al., 2007), such that k is related to the 

absorption coefficient of the BrC extracts as follows (α, cm-1): 

𝑘(𝜆) =  
 𝜆

4𝜋
𝛼(𝜆) 

α is obtained from absorbance measurements as: 

𝛼(𝜆) =  𝑙𝑛10 
𝐴(𝜆)𝜌

𝐶୆୰େ 𝐿
 

Where L is the optical path length (1 cm), CBrC is the concentration of BrC extract, retrieved using 

the OC-EC (Section 3.2.3), and ρ is the density of the extracted BrC, assumed to be 1.3 g cm-3 

(Cheng et al., 2019). 

Using the UV-Vis measurements of the extracts, we could verify that there were no suspended 

particles in the solution. Absorption by light absorbing molecules can be fitted using a power law 

function. However, since suspended particles cause extinction by both scattering and absorption, 
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a single power law function fit would be insufficient to reproduce the measured extinction using 

a UV-Vis (Phillips and Smith, 2017). In the case of the extracts in this work, a single power law 

function returned an R2 of 0.996 and 0.999 for the BrC produced at 670 °C and at 1035 °C, 

respectively. 

 

Figure A2.1. k vs λ retrieved from UV-Vis measurements of the BrC extracts fitted to a single 

power law function. (a) k vs λ of the BrC produced at 1035 °C in the range of 420 to 800 nm. (b) 

k vs λ of the BrC produced at 670 °C in the range of 420 to 670 nm. The very weak absorption by 

this BrC at wavelengths greater than 670 nm results in some negative values caused by baseline 

drift, which would hinder a power law fit. 

A2.2. Correction of Exposure Doses 

As detailed in Section 3.2.5, we resuspended the BrC remaining in the vials in 200 µl of DCM and 

measured the concentration of the solution using the OC-EC. Using the OC-EC measurements, we 

corrected the exposure dose by subtracting the remaining unextracted mass from the mass 

present in the BrC + media solutions, resulting in new, corrected concentrations, such that: 
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𝐶஼௢௥௥௘௖௧௘ௗ =  𝑚௖௢௥௥௘௖௧௘ௗ × 𝑉௦௢௟ = ൫𝑚ௗ௘௦௜௚௡ − 𝑚௨௡௘௫௧௥௔௖௧௘ௗ൯ × 𝑉௦௢௟  

Where Ccorrected and mcorrected are the corrected concentration and mass of BrC in the BrC + media 

solutions, Vsol is the volume of the solution, and munextracted is the mass of the unextracted BrC, 

retrieved using the total carbon (TC) from the OC-EC measurements. The OC-EC data and 

resulting corrections and shown in Table A2.1.  
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Table A2.1. Data from the OC-EC analyzer to estimate the fraction of BrC unextracted in media. 
In all cases, 100 µl of the 200 µl BrC solution was pipetted onto a 1.5 cm2 quartz punch, dried, 
and analyzed. 

Sample Exposure Dose 
(µg/ml) 

Corrected 
Exposure Dose 

(µg/ml) 

TC 
(µg/ cm2) 

670 °C 136.0 61.1 105.03 ± 5.45  
670 °C 82.0 43.4 54.66 ± 2.93 
670 °C 49.0 32.2 25.20 ± 1.46 
670 °C 27.0 15.4 18.24 ± 1.11 
670 °C 16.0 9.1 11.94 ± 0.80 
670 °C 10.0 7.1 5.76 ± 0.49 
670 °C 6.0 4.2 4.29 ± 0.41 
670 °C 3.5 2.5 3.46 ± 0.37 

1035 °C 136.0 53.3 115.68 ± 6.18 
1035 °C 82.0 29.4 73.80 ± 3.89 
1035 °C 49.0 25.4 34.41 ± 1.92 
1035 °C 27.0 13.7 20.61 ± 1.23 
1035 °C 16.0 10.2 10.38 ± 0.72 
1035 °C 10.0 6.0 7.22 ± 0.56  
1035 °C 6.0 3.6 5.08 ± 0.45 
1035 °C 3.5 1.8 4.45 ± 0.42 
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APPENDIX 3 

SUPPLEMENTAL INFORMATION FOR CHAPTER 4 

CHEMICAL COMPOSITION AND CYTOTOXICITY PROPERTIES OF FRESH AND PHOTOCHEMICALLY 

AGED BIOMASS BURNING ORGANIC AEROSOLS 
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A3.1  OA enhancement for the oak and pine BBOA.  

 

Figure A3.1. The OA enhancement for the (a) oak and (b) pine BBOA after photooxidation.  

A3.2 Calculation of the mass fractions in the BBOA samples of species with different 
elemental compositions. 

In order to estimate the mass fractions of species with different elemental compositions,  we 

weighted the neutral mass of each identified compound by its detected intensity. We then 

divided the sum of those weights for each group of species by the sum for all identified 

compounds. For example, for CHO species,  

xେୌ୓  =  
∑ mi × intensity஼ுை

௜

∑ mi × intensity௔௟௟
௜

 

where xCHO is the mass fraction of compounds with an elemental composition of CHO and mi is 

the neutral mass of each compound.  

 

 

 

 


