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Abstract 
 

Wildfire smoke emissions contain substantial amounts of light-absorbing aerosols that 

can affect the radiation and cloud processes, resulting in climate impacts on regional and 

even global scales. The radiative impact of these light- absorbing aerosols is largely 

contributed by brown carbon (BrC), a type of organic aerosols with complex chemical 

composition. The light absorption of BrC has been found to have a strong dependence on 

the properties of biomass fuel as well as on combustion conditions; however, the 

fundamental factors underlying these correlations are not yet clear. In addition, the 

chemical species responsible for BrC’s light-absorbing properties and their evolution in 

the atmosphere are still not fully constrained. For these reasons, the total radiative impact 

of BrC is still uncertain.  

To address these knowledge gaps, I studied BrC produced from the systematic 

combustion of boreal peat collected in Alberta, Canada as a function of peat sampling 

depth and moisture content. Specifically, I investigated the correlation of fuel properties 

with the size-dependent light absorption of the resultant BrC, and the dynamic changes 

in these correlations and properties during simulated atmospheric photoaging. To further 

investigate the effect of fuel type, I also compared these results with those obtained for 

BrC from combustion of spruce foliage. This work is the first known attempt to 

systematically study the correlations between boreal peat properties and BrC light 

absorption. 

The advances in our understanding of BrC properties described in this thesis were 

enabled by my development of a new analytical approach for characterization of BrC 

extracts using size exclusion chromatography (SEC) with photodiode array detection 
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(PDA). I used this approach to classify BrC chromophores according to properties such 

as molecular size (represented here as “molecular weight”, MW) and polarity. I found 

that BrC chromophores in wildfire particulate matter extracts fell into two major 

fractions: first, a high-MW fraction with a featureless absorption spectrum that decreases 

from the UV to the visible wavelength region, which contributed most of the BrC 

absorption in the visible wavelength region; second, a low-MW fraction with structured 

absorption in the UV wavelength region. These two fractions also behaved differently 

upon photoaging: the low-MW BrC fraction was rapidly photobleached, whereas the 

high-MW BrC fraction underwent initial photo enhancement, followed by slow 

photobleaching. This suggests that the absorption associated with the high-MW fraction 

of BrC remains relatively stable in the atmosphere, and as a result is responsible for the 

light absorption of BrC throughout most of its atmospheric lifetime, and therefore for its 

climate impact. 

I also investigated the effect of fuel properties on the BrC absorption profiles 

described above, and found that the relative ratio of the high- and low-MW fractions of 

peat-BrC showed burn-to-burn variation. Specifically, the contribution from high-MW 

fractions increased with increasing moisture content and sampling depth. This 

observation is likely due to lower combustion efficiency as a result of increased water 

content and bulk density. These peat properties have little effect on the BrC aging 

profiles; however, a much stronger correlation between BrC properties and fuel types 

was observed. BrC from combustion of peat and spruce foliage are very different in both 

their absorption profile and aging behaviors, highlighting the importance of fuel 

dependence in estimating BrC radiative impacts. 
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PM in wildfire smoke plumes can also affect gas-phase chemical processes, 

because it provides a large surface area for partitioning between the gas and particle 

phases and the reactive uptake of gas-phase species. I examined the heterogeneous 

conversion of NO2 to HONO on the surface of BrC produced from peat combustion and 

wood pyrolysis, with a specific focus on the effect of fuel properties on the PM 

reactivity. For the first time, I observed a strong dark reaction with a 100% yield of 

HONO, which showed a significant dependence on the fuel type. 

This thesis provides new insights into the light-absorbing properties and chemical 

reactivity of wildfire BrC. In addition, it improves our understanding of the source 

dependence and aging mechanism of wildfire BrC, and ultimately assists with increasing 

our understanding of its climate effects. 
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Preface 
 

This thesis is composed of five chapters. Chapter 1 provides an overview of 

carbonaceous particulate matter from biomass burning, including its properties, sources 

and life cycles in the atmosphere and its impacts on climate, air quality and health. 

Chapter 2 describes a new analytical method developed for the study of the molecular 

size-dependent light absorption of aqueous brown carbon (BrC). Chapter 3 presents a 

study of the effect of fuel composition/properties and combustion conditions on the light-

absorbing properties and atmospheric aging of BrC. Chapter 4 reports the 

heterogeneous production of HONO via the uptake of NO2 by wildfire BrC. Finally, 

Chapter 5 summarizes the major conclusions of Chapters 2–4, discusses the limitations 

of present studies and data, and provides directions for future research on the 

investigation BrC. 

For Chapter 1, I wrote the manuscript, with critical comments from Dr. Sarah 

Styler. 

The work described in Chapter 2 has been published as “Lyu, M.; Thompson, D. 

K.; Zhang, N.; Cuss, C. W.; Young, C. J.; Styler. S. A. Unraveling the complexity of 

atmospheric brown carbon produced by smoldering boreal peat using size-exclusion 

chromatography with selective mobile phases. Environ. Sci.: Atmos., 2021, 1, 241–252.” 

I and Drs. Sarah Styler (supervisor) and Dan Thompson (Natural Resources Canada) 

designed the initial combustion experiments, with assistance from Dr. Cora Young (York 

University). I collected the boreal peat samples and performed the combustion 

experiments with Nianci Zhang, Dr. Styler, and Dr. Thompson. Drs. Styler and Young 

assisted with the HPLC-SEC-PDA method development. I performed all HPLC-SEC-

PDA analyses; Dr. Chad Cuss conducted the asymmetric flow field-flow fractionation 

(AF4) analysis. I interpreted the experimental data with Dr. Styler, with assistance from 

Dr. Young. I prepared the figures and wrote the manuscript, with critical comments from 

Drs. Styler, Thompson, Cuss and Young. 

 The work described in Chapter 3 was submitted for publication as “Lyu, M.; 

Young, C. J.; Thompson, D. K.; Styler. S. A. Influence of fuel properties on light 

absorption of fresh and laboratory-aged atmospheric brown carbon produced from 
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realistic combustion of boreal peat.” on date October 17, 2021.I performed the 

photoaging experiments of aqueous BrC, HPLC-SEC-PDA analysis, data processing, 

and figure preparation. Dr. Thompson helped with the combustion condition 

determination and analysis. I and Dr. Styler interpreted the data and wrote the 

manuscript, with critical comments and assistance from Drs. Thompson and Young.  

 I presented the work described in Chapter 4 at the 2020 fall meeting of the 

American Geophysical Union. I plan to submit it as the following manuscript, once 

experiments are fully completed: “Lyu, M.; Loebel Roson, M.; Young, C. J.; Thompson, 

D. K.; Zhao, R. and Styler. S. A. Uptake of NO2 onto biomass burning organic 

particulate matter: a potential secondary source of HONO in wildfire plumes.” I and Dr. 

Styler developed the initial study idea, and the samples used in this study partially come 

from the biomass burning campaign described in Chapter 2 and Chapter 3. I collected 

the filter samples from wood pyrolysis with assistance from Max Loebel Roson; I 

performed the heterogeneous uptake experiments using a custom-built apparatus I 

designed with assistance from Dr. Styler and the University of Alberta machine shop. I 

analyzed the data with Dr. Styler, with input from Dr. Zhao. 

For Chapter 5, I came up with the ideas for future work and wrote the 

manuscript, with critical comments from Dr. Styler. 
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Chapter 1 
 

Introduction 
 

 

1.1. Why do we want to study combustion particulate matter? 

1.1.1. Atmospheric particulate matter  

Particulate matter (PM) is a general term for particles, including solid particles and liquid 

droplets, suspended in the atmosphere with aerodynamic diameter (dp) ranging from  

nanometers to 100 μm.1 The main fractions of atmospheric PM include coarse particles 

(PM10, dp < 10 μm), fine particles (PM2.5, dp < 2.5 μm) and submicron particles (PM1, dp 

< 1.0 μm); specifically, particles with the size of 0.1 μm or smaller are defined as 

ultrafine particles (PM0.1).
2
  

Atmospheric PM comes from a wide range of natural and anthropogenic sources.3 

It can be emitted directly from processes such as volcano eruption, dust re-suspension, 

vehicle exhaust, industrial emission and biomass burning, including wildfires (Figure 

1.1). Fine particles can also be formed secondarily in the atmosphere as a result of 

condensation and oxidation of volatile/semi-volatile organic compounds and complex 

reactions of trace gases such as sulfur dioxide and nitrogen oxides (NOx), which are 

major components of industrial and automobile emissions.4 

Atmospheric PM can impose a great impact on people’s wellbeing from multiple 

aspects. These small particles are the major cause of reduced air quality and visibility; the 

different organic compounds carried by these particles can also be involved in complex 

reactions with co-emitted trace gases, further aggravating air pollution.5 As the main 

toxic component in haze, inhalable PM (PM10 and PM2.5) can enter the human body, 

together with PM-bound toxic organic compounds (e.g., polycyclic aromatic 

hydrocarbons), causing damage to human respiratory, circulatory, reproductive and 

endocrine systems.6 In addition, these PM-containing air masses can be transported 

thousands of kilometers after their emission to the atmosphere,7 thus reducing air quality 

and causing health risk for the public in distant receptor regions. Atmospheric PM also 

has an important impact on the climate: it can alter Earth’s radiative balance directly by 

absorbing and scattering solar radiation, as well as indirectly by affecting precipitation 
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and cloud formation.8 In addition, once these particles have been transported vertically by 

deep convection into the upper troposphere and lower stratosphere,9 their climate impact 

can be significantly promoted due to enhancements in both their radiative forcing and 

atmospheric residence time. The climate effect of atmospheric PM will be discussed in 

detail in the next section. 

 

 

Figure 1.1 Numerous sources of atmospheric aerosols (copyright from Natural Education 2013)10 
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1.1.2. Carbonaceous PM and combustion processes  

Carbonaceous PM is a collective term for black carbon (BC; also referred to as elemental 

carbon, or EC), organic carbon (OC) and inorganic carbon (i.e., carbonate). This type of 

atmospheric PM can arise from a variety of sources, including combustion processes, 

biological origins, soil suspension and sea spray. Compared to other types of particles 

such as mineral dust, carbonaceous PM are more complex in composition and enriched 

with organic matter like polycyclic aromatic hydrocarbons (PAHs), nitro-PAHs,11 and 

condensed semi-volatile / low-volatility organic compounds, which can induce DNA 

damage and drastically increase the risk of cardiovascular diseases, respiratory problems 

and allergies.12 In addition, these particles can produce reactive oxygenated species 

(ROS) via atmospheric interactions and more importantly, induce generation of 

intracellular ROS, which have been linked to health conditions and disease.13 

Emissions from combustion processes, such as biomass burning (including 

wildfires) and combustion of fossil fuels (e.g., industrial combustion, vehicle exhaust, 

residential cooking and heating), are the major sources of primary carbonaceous PM. It 

has been estimated that fossil fuel combustion contributes 45% of all EC emitted and 

55% of all primary OC emitted globally.14 Combustion is a chemical process in which 

fuel materials rapidly react with oxygen, forming new substances (i.e., products) and 

giving off heat. The products of combustion vary with the completeness of this reaction, 

which is controlled by factors such as the level of oxygen, temperature and the 

composition of fuel material itself.15 For some combustion processes, such as biomass 

burning, the competitive thermal decomposition (pyrolysis) of fuel materials in the (local) 

absence of oxygen also plays an important role;16 this process includes the primary 

release of volatile organic compounds (VOCs) and the further decomposition of fuel 

materials, producing bio-oil, char and gaseous products such as water vapour and CO.17 

The physical properties of carbonaceous PM emitted during combustion are also highly 

variable with combustion conditions: for example, previous studies have pointed out that 

the initial size, hygroscopicity, and optical properties of PM emitted from different 

sources or under different combustion conditions should be treated differently.18–22 In 

addition, PM composition has been observed to vary with combustion efficiency,23 with 

lower combustion efficiencies leading to a much higher organic content.24 
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1.1.3. Increasing significance of wildfires for air quality and climate  

Wildfires in forests, grasslands and peatlands release a substantial quantity of stored 

carbon into the atmosphere in the form of greenhouse gases (CO2, CH4) and 

carbonaceous PM.25 Estimations show that wildfires burn across 3–4 million km2 of the 

globe each year,26 resulting in 2–3 Pg carbon emission.17 These emissions can travel over 

thousands of kilometers from the fire location, causing pollution both in local and remote 

areas.7 In addition, the large quantity of greenhouse gases can absorb terrestrial radiation 

(infrared radiation from Earth's surface) and some PM can absorb solar radiation, 

resulting in a potential warming effect on the climate on regional and even global 

scales.25 Consequently, a warmer and drier climate will in turn exacerbate drought and 

lead to more frequent and more intense fires.8 Over the past decades, wildfires have 

increased both in frequency27–30  and severity;31–36 in addition, the average global fire 

season length has increased by 19% from 1979 to 2013.37 In the western US, trend 

analysis finds that large forest wildfires (with burning area > 400 hectares) have 

continued to increase in since the 1970s in terms of both fire number and size (Figure 

1.2).38  

Wildfire emissions are a major source of atmospheric PM in fire-prone regions. 

One study of the annual emission of PM2.5 in the western US showed that, in most states, 

PM2.5 from wildfire (including prescribed fires) comprises 30–40 % of total PM2.5 

emissions during active fire years.39 Importantly, PM emitted from wildfires is 

predominantly composed of carbonaceous matter: the total mass of OC and EC accounts 

for up to ~90% of the mass of fresh dry smoke particles (dp <1 µm), which in turn 

accounts for 80–90% of the total fire-emitted particles by volume.40 Due to the growing 

frequency and intensity of wildfire activities described above, the potential impact of fire 

emissions on climate and air quality is becoming increasingly important.21,41  
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Figure 1.2. The trend of wildfires in in the western United States from 1970s to 2010s (copyright from the 

Royal Society, 2016)38 

 

1.2. Climate effect of wildfire particulate matter 

1.2.1. Radiative forcing 

Earth receives solar radiation from the sun and at the same time emits energy back to 

space; the energy balance between the incoming and outgoing irradiance is maintained by 

the earth–atmosphere system. Many natural (e.g., volcanic eruptions) and anthropogenic 

(e.g., agricultural fires and industrial emissions) processes eject radiatively active 

substances (e.g., greenhouse gases and aerosols) into the atmosphere that cause 

imbalance in Earth’s radiative energy budget, which potentially lead to changes in the 
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climate system. This perturbation in Earth’s energy flux is known as a radiative forcing 

(RF), expressed in watts per square meter (W m-2).  

 

 
 

Figure 1.3 Estimates of radiative forcing in 2011 relative to 1750 for the main climate change drivers 

Radiative forcing estimates in 2011 relative to 1750 and aggregated uncertainties for the main drivers of 

climate change (copyright from the IPCC, 2013: Summary for Policymakers) 42 

 

The anthropogenic emission-caused climate impact has become increasingly 

significant. Since the Industrial Revolution (1750), the explosive growth of human 

activity has led to heavy use of fossil fuels such as coal, oil, and natural gas, as well as 

accelerated deforestation and destruction of grasslands, which together have increased 

atmospheric concentrations of greenhouse gases. Therefore, the value of the “forcing” 

described above is calculated by the The Intergovernmental Panel on Climate Change 

(IPCC) as the value due to changes between 1750 (pre-industrial) and the present day. 
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Climate factors that contribute to warming Earth's surface are known as "positive 

forcings," whereas factors that cool Earth's surface are known as "negative forcings."  

RF values can also be estimated from primary emissions rather than from the 

resulting concentration changes of relevant climate-forcing agents (Figure 1.3). 

However, as a result of the indirect effects associated with components that undergo 

secondary processes in the atmosphere, which modify their ultimate impact on RF, this 

emission-based method is much more complicated than the concentration-based method. 

For example, the RF associated with increases in methane (CH4) emissions over the 

Industrial Era is much larger (~1.0 W m–2) than that based on concentration increases 

alone (~ 0.5 W m–2) due to the indirect warming effects arising from its atmospheric 

process; For example, the reaction with OH radicals (its main sink) will not only change 

its concentration and tropospheric lifetime but also will influence other components in the 

atmosphere (e.g., ozone, water vapor) via subsequent chemical reaction.43 In addition, the 

emission of halocarbons, which are strong ozone depletion agents, causes a net positive 

forcing because their direct radiative effect is larger than the impact of the ozone 

depletion they cause in the stratosphere.42 This emission-based RF of a compound, or 

forcing agent, can provide a more direct link to human activities and guidance for policy 

making. 

 

1.2.2. Climate effects of atmospheric PM   

As RF caused by aerosols is complex, estimates of aerosol RF are based on multiple 

effects (Figure 1.4), including the aerosol–radiation interaction effect (also known as the 

direct aerosol effect), the aerosol-cloud albedo effect (also known as the 1st indirect 

effect), the aerosol precipitation effect (also known as the 2nd indirect effect), and the 

impact of absorbing aerosols (e.g.,  BC) on snow/ice surface albedo and cloud formation 

(also known as the semi-direct effect). In addition, as PM is a relatively short-lived 

species (i.e., a substance with atmospheric lifetime shorter than CO2),
8 both aerosol 

concentrations and distributions over a wide region and long time periods are crucial for 

obtaining accurate RF estimates. 

The direct effect of PM on Earth’s radiation balance is caused by its ability to 

scatter and absorb incident solar radiation. The combined effect of scattering and 
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absorption, which represents the total light loss over a given pathlength, is called 

“extinction”. Light extinction caused by aerosol particles can either result in a cooling 

effect (scattering-dominant) or a warming effect (absorbing-dominant) on the climate.  

The indirect effect of aerosols on climate involves the modification of cloud 

properties and precipitation.44,45 In air with high aerosol concentrations, clouds tend to 

contain more droplets with smaller size, because particles can act as cloud condensation 

nuclei (CNN) and ice nucleating particles (INP).46 This process results in an increase in 

the reflectivity of a cloud, also called “cloud albedo”, and leads to brighter clouds which 

block sunlight from reaching Earth’s surface, thereby producing cooling effects on the 

climate. The smaller cloud droplets in clouds could also suppress precipitation, thus 

extending the cloud lifetime. In addition, aerosols with strong absorption of solar 

radiation can reduce evaporation from the surface as a result of surface dimming 

(decrease of radiation reaching the surface), thus inhibiting cloud formation.47  

 

 

Figure 1.4 The radiative mechanisms associated with aerosol-cloud interactions (Copyright from IPCC: 

Climate Change 2007: Working Group I: The Physical Science Basis).48 

 

1.2.3. Optical properties of PM  

Different PM scatter or absorb sunlight to varying degrees, and the net direct 

radiative effect of aerosols depends on their physical properties (e.g., particle size) and 

chemical composition.49 Aerosol optical properties of significance include the aerosol 

optical depth (AOD,𝜏), Ångström exponent (𝛼) and single scattering albedo (SSA, 𝜔). 
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These properties, which are usually measured via a combination of remote sensing and in 

situ measurements, are essential parameters for estimating the radiative impact of 

aerosols.50  

AOD is a measure of the magnitude of aerosol extinction integrated in the vertical 

column and, by extension, a reflection of the aerosol column loading in the atmosphere. 

The Ångström exponent (𝛼) and single scattering albedo (SSA, 𝜔) are two 

complementary parameters to AOD for a comprehensive consideration of aerosol 

radiative properties. The Ångström  exponent describes the wavelength dependence of 

AOD.51 The SSA is defined as the ratio of light scattering to the total light extinction, and 

defines the degree of absorption; it is also often used to differentiate between absorbing 

aerosols and non-absorbing aerosols.52 These parameters, all of which are used 

extensively in climate models, ultimately depend on the optical properties of individual 

particles, which reflect their microphysical and chemical properties such as composition, 

size, mixing state, and hygroscopicity.8 For example, a SSA value of 1.0 indicates a 

perfectly scattering aerosol; when the aerosol is made up of absorbing species (e.g., BC), 

this value will be lower. BC is the strongest absorber per unit mass, with a SSA of 0.15–

0.3 at 550 nm reported by measurements53 compared to 0.77–0.85 at 440 nm for BrC54 

and 0.85–0.98 at 520 nm for dust.55  

Since wildfire smoke plumes contains complex components which which vary 

with both source and atmospheric processes, it exhibits a wide range of light-absorbing 

properties, with an estimated SSA ranging from ~0.8 to 1.0.56 Some models assume a 

constant value of SSA for aerosol throughout the wildfire season or the entire year, which 

could lead to a significant uncertainty in assessing the radiative effect of wildfire 

aerosols.57,58 For example, data from the 15-year ground-based measurement showed that 

SSA (550 nm) of aerosol in the southern African biomass-burning region increased from 

0.81 in July to 0.88 in October;59 SSA in this range could contribute to warming and 

positive feedback to the surface in regions of high biomass burning.60 However, aerosol 

in north American fire season showed a SSA ~0.92 at 550 nm and ~0.93 at 870 nm and 

401 nm.61,62 The reported SSA of smoke plume61 is higher than the typical SSA near 

Earth surface (0.7 ∼ 0.9),63 suggesting that the wildfire PM in regional haze would 

contribute to regional cooling.  
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The wavelength dependence of AOD is strongly related to aerosol microphysical 

properties. Refractive Index (RI, m = n − ik) is one of the most important physical 

parameters for determining the aerosol optical properties: the real part (n) determines the 

characteristics of the light scattering by the particle, and the imaginary part (k) determines 

the absorbing quality of the particle.64 For a particular particle size (dp) and refractive 

index (m), the scattering coefficient (𝜀𝑠𝑐𝑎), absorption coefficient (𝜀𝑎𝑏𝑠), and extinction 

coefficient (𝜀𝑒𝑥𝑡) for a certain type of aerosols at a given wavelength can be retrieved 

with Mie calculation.65 

For light-absorbing PM, particularly BC, there is another essential quantity: mass 

absorption cross-section (MAC), which links its atmospheric concentrations with its 

climate impacts.53 MAC is a spectral quantity, typically expressed in units of m2 g–1, that 

expresses a particle's absorptive effectiveness per unit mass at a specific wavelength. 

MAC values vary significantly with particle chemical composition and mixing state. For 

example, coating with non-absorbing materials (e.g., sulfate) or mixing with light-

absorbing organic materials can either decrease (through addition of material with lower 

absorptivity) or enhance (through lensing effects) the apparent MAC of black carbon.66 

These uncertainties will be discussed in more detail in Section 1.2.5. Therefore, 

understanding PM optical properties at the single-particle level, as well as PM chemical 

composition at the molecular level, is essential for accurate estimation of the climate 

effect of atmospheric PM.    

 

1.2.3. Light absorbing carbonaceous aerosols: black carbon (BC) and 

brown carbon (BrC)  

The net climate effect of aerosols is considered as cooling, with a reported RF of all 

aerosol types ranging from –0.1 to −1.9 W m−2.67 Besides the large uncertainties in the 

aerosol and cloud processes, insufficient knowledge of the direct radiative effect of 

absorbing PM, such as carbonaceous PM, could play a key role here.  

As an important short-lived climate forcing factor, carbonaceous PM can absorb 

light in the visible spectrum and counteract the scattering (i.e. cooling effect) of aerosols , 

thereby perturbing the radiative budget, particularly in fire-prone regions.18,68 In addition, 

light-absorbing carbonaceous PM can result in a strong heating of the top of the planetary 
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boundary layer (PBL) and thereby reduce the surface heat flux, suppressing PBL 

development during heavy pollution events and exacerbating air quality reductions.69 

Light-absorbing carbonaceous PM can be divided into two categories: soot, also 

known as black carbon (BC), and brown carbon (BrC). BC, the main type of light-

absorbing PM in the atmosphere, absorbs light efficiently from the UV region to the 

infrared.70  BC has a considerable positive climate forcing due to its strong absorption of 

visible solar radiation; in fact, its direct radiative forcing is only second to CO2.
71 BrC is a 

class of complex light-absorbing organic aerosols (OA) named for its light brownish 

color.72 OA has been long considered as purely scattering “white” aerosol, which does 

not absorb visible radiation. BrC, which is the light-absorbing fraction of OA, has only 

recently been recognized as an important absorber.72 Unlike BC absorption, which is not 

wavelength-dependent, BrC light absorption exhibits a sharp decrease with increasing 

wavelength from the UV region to the visible.72–74  

 

1.2.4. Uncertainties associated with BC and BrC  

The climate impact of light-absorbing carbonaceous particles represents a great 

uncertainty in climate models. The global distribution and radiative impacts of BC are 

both poorly constrained: estimates of the direct radiative forcing (DRF) of BC aerosols 

range from 0.2 to 1.0 W m−2; 8,70,75 with significant discrepancy between model and 

observation-based estimates.76 In particular, global climate models used in the IPCC 5th 

Assessment Report (AR5) reported a DRF from BC aerosols of 0.4 to 0.6 W·m−2 with a 

large uncertainty range, whereas the estimates based on large-scale observations of BC 

aerosol absorption (estimated by AOD550 nm obtained using satellites and ground based 

instrumentation, such as AERONET), arrive at a BC DRF of 0.7-0.9 W·m−2.70  
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Figure 1.5 Comparisons of AAOD for BC (550 nm) predicted by the NASA-GISS global climate model 

(background grid) with observation-based BC-AAOD retrieved for the NASA-AERONET sites of data 

sampled during years 2000–2014 (circles). The same color scale applies to both sets of data. (Copyright 

from PANS 2016)77 

 

This discrepancy between model- and observation-based estimates in part reflects 

the underestimation of BC emission. For example, for regions in East and South Asia, the 

model-estimated absorption aerosol optical depth at 550 nm (AAOD550nm) of BC is 

underestimated by factors of 2–3 compared to that obtained from observational 

programmes (Figure 1.5). However, gaps in emission inventories cannot fully explain the 

discrepancy: in a study of BC radiative impact over California, for example, where the 

emission inventories are well constrained, the modeled AAOD of BC is still 2–3 times 

lower than the observed AAOD.78 This highlights that other factors may contribute to the 

large range of the estimated DRF of BC. 

The discrepancy between model and observations could reflect uncertainties in 

the properties of primary carbonaceous PM, as PM from different combustion processes 
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will differ in the composition (and absorption) of their BrC fraction. In addition, the 

microstructure (e.g., degree of graphitization) of BC is affected by combustion conditions 

and fuel materials: a study suggested higher MAC for more graphite-like BC because the 

conjugation of the carbon structure tends to increase broadband light absorption.72 

Predicting the optical properties of BC is further complicated by the fact that the 

microphysical properties of BC can change after emission through aggregation and 

interaction with other organic and inorganic compounds during atmospheric transport, 

leading not only to changes in BC morphology but also to internal mixing and coating 

with non-BC materials. This restructuring and coating process after emission is known as 

“BC aging”,79 and can change BC light absorption in complex ways.72 For example, 

coatings of non-absorbing compounds can serve as a radiation lens (i.e., lensing effect), 

and have been shown to increase BC absorption by a factor of 1-3.77,80  

Finally, the model–observation discrepancy described above could also reflect the 

neglect of contributions to visible wavelength absorption by BrC in most climate models. 

In particular, aerosol absorption at 550 nm is commonly attributed only to BC. If the 

absorption of BrC is considerable at this wavelength, then the emission-based BC 

estimates would be lower than those estimated from observations. Although the 

prevalence and radiative forcing effect of BrC have been well recognized, because 

climate models do not include proper physical and chemical treatments of BrC, its direct 

radiative effect (DRE) remains unclear. 

 

1.3. Atmospheric brown carbon (BrC)  

1.3.1. Sources and distribution of BrC  

Primary atmospheric BrC comes from a wide range of anthropogenic and natural 

sources, as discussed for carbonaceous PM more generally in Section 1.1.2. These 

sources include fossil fuel combustion (e.g., coal combustion for residential heating and 

cooking, vehicle exhaust, and power plants); residential wood combustion; and open 

biomass burning, including wildfires, agriculture residual combustion and waste 

incineration.14 To a lesser extent, it can also come from biogenic sources like suspension 

of soil particles and wave spray and bubble breaking in lakes and oceans.81 

Biomass burning, including wildfires, contributes the most substantial part of BC 



 
14 

and the majority of BrC in the atmosphere.82 According to one recent global-scale aircraft 

study, wildfire PM is ubiquitous in the remote troposphere, and this dilute PM comprises 

approximately half of the total climate impacts of all PM emitted by biomass burning.4 

As discussed in Section 1.1.2, the composition and properties of combustion PM are 

highly dependent on combustion conditions and fuel materials. Laboratory studies 

involving controlled combustion of different types of biomass fuels also found significant 

fuel-to-fuel variation in the optical properties of primary BrC.24,75–77 In addition, 

controlled laboratory combustion of a wide range of biomass fuels during the FLAME-4 

campaign showed that SSA and AAE of emitted PM varied significantly, which the study 

authors attributed to differences in combustion conditions—of most relevance to this 

thesis, this study found that BrC absorption contributed significantly to the total 

absorption of PM emitted from peat combustion.86 These results indicate that BrC 

absorptivity can be highly source-dependent. However, how combustion conditions relate 

to BrC light absorption and life cycle in the atmosphere is still not fully understood. 

Laboratory studies have shown that multiphase reactions can also result in the 

production of light-absorbing compounds. This type of BrC, when produced in the 

atmosphere as a result of chemical processes, is categorized as “secondary BrC”. The 

secondary formation of BrC is a complex process, including a variety of gas-particle 

conversion processes87 and condensed-phase reactions that are influenced by various 

factors such as organic precursor identity, oxidants and environmental conditions. 

Secondary BrC types identified to date include aromatic secondary organic aerosol 

(SOA) generated under high-NOx conditions88,89 and reaction products of biogenic or 

anthropogenic SOA with nitrogen-containing substances such as ammonia (NH3).
90–93 

The ozonolysis and photo-oxidation of some gas-phase species in biomass burning 

emissions can lead to the formation of lower-volatility products and also produce light-

absorbing SOA.94 Liquid-phase reactions in clouds and fog water can result in the 

production of light-absorbing humic-like substances (HULIS).92,95–98 BrC formation has 

also been found in evaporating droplets, where the increasing concentration of reactants 

results in increased rates of oxidation and oligomerization reactions.99,100 Recently, the 

formation of charge-transfer complexes has been suggested as a contributor to the 

absorption of BrC, but the importance of this pathways is currently unclear. 101,102  
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Field studies have quantified BrC throughout the tropospheric column , and found 

that its prevalence increased compared to BC as altitude climbed, indicating secondary 

formation.103,104 The radiative effect of this secondary BrC could also contribute 

significantly to total BrC climate impacts.105 These poorly characterized secondary 

sources, both in terms of potential BrC production magnitude and composition/absorption 

characteristics of the resultant BrC, contribute to the challenge of constraining the 

properties of BrC aerosols used as inputs for climate models, and to the discrepancies 

between satellite data retrieval and climate model forecasts in the DRF estimation of 

carbonaceous PM discussed in Section 1.2.5.  

 

1.3.2. The life cycle of BrC in the atmosphere  

Once primary BrC is emitted into the atmosphere, its chemical composition and optical 

properties can be modified during atmospheric transport due to processes including 

volatilization and photobleaching; in addition, as described in the previous section, 

secondary BrC formation can occur via interactions with sunlight and other aerosol/gas 

species in the atmosphere. These processes are collectively known as “atmospheric 

aging”.82  

The BrC aging process is complex, since different organic compounds have 

different stabilities and reactivities (e.g., photolysis rate constants) in the atmosphere. 

Previous studies have found that BrC components with different molecular weights 

(MW) have different susceptibilities to photodegradation: chromophores with lower MW 

can be photolyzed, resulting in a loss of absorption (i.e., photobleaching), whereas high-

MW chromophores are more resistant to photobleaching.106,107 The aging process is 

further complicated by the secondary formation of BrC that co-exists during aging, which 

counteracts the photobleaching effect. Photo-enhancements in the absorption associated 

with high-MW BrC chromophores have been observed in several studies,108,109 which 

provides evidence for secondary BrC formation. This secondary formation can extend the 

duration of the climate impact of BrC: for example, one study of photoaging of SOA 

showed an initial photobleaching of small components, such as carbonyls, and concurrent 

oligomerization with illumination, which resulted in light absorption persisting for the 

duration of the 4-day experiment.108 In addition, the diffusion of BrC species can be 
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inhibited under low-RH conditions, where PM viscosity is elevated, therefore lowering 

its photolysis rate and increasing its atmospheric lifetime and potential climate impacts 

110 

Given its complex sources and aging mechanisms, estimates of BrC atmospheric 

lifetime span a wide range from minutes to days. Previous laboratory studies of single 

aqueous BrC proxies109,111 showed a half-life of minutes to several hours for three types 

of BrC compounds (nitrated aromatics) due to direct photolysis or OH exposure, whereas 

field measurements showed that BrC in biomass-burning plumes decayed with a half-life 

of 9–15 h.112 Another laboratory study investigated the photo-aging of primary BrC 

collected from biomass burning, and found that photobleaching happened over a 

timescale of up to ~3.5 days.113 One possible clue for these discrepancies between 

different studies is the bias resulting from the use of single proxy compounds, which does 

not account for matrix effects and interferences via the interactions between different 

individual components in the complex mixture of BrC (e.g., the formation of aggregates 

and charge-transfer complexes). Overall, these results indicate that the optical properties 

of BrC cannot be modelled simply as the sum of the optical properties of individual 

chromophores. In addition, the discrepancies between studies performed using realistic 

BrC likely reflect that BrC composition varies with source, and different BrC 

components can have different susceptibilities to atmospheric aging.114 To summarize, in 

order to accurately quantify the timescale, species-dependency, and atmospheric impacts 

of these two competing processes, therefore, it is important to understand photo-

enhancement and photobleaching of BrC at the molecular level.   

 

1.4. Instrumental strategies for BrC characterization   

1.4.1. In-situ characterization 

1.4.1.1 BrC quantification and characterization 

BrC quantification and characterization is commonly accomplished using optical 

instruments. However, because distinguishing BrC from BC is challenging, extraction of 

BrC absorption from these data requires multiple instruments, measurements, and 

calculations.  
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1) Filter-based techniques for characterization of absorbing PM 

Filter-based techniques are the predominant method used in field studies for absorbing 

aerosol. These techniques involve measuring light transmission through a PM-loaded 

filter. Specific instruments employing this strategy include the aethalometer,115 tricolor 

absorption photometer (TAP), particle soot absorption photometer (PSAP)116 and multi-

angle absorption photometer (MAAP).117 For example, in the PSAP as shown in Figure 

1.6, the sample air is drawn through the left hole and PM is deposited on the filter; 

particle-free air is drawn through the right hole for the reference measurement. An opal 

glass diffuser is used to transmit forward-scattered light evenly. The aerosol absorption 

coefficient (babs) is then determined according to the Beer–Lambert law by the change in 

light attenuation through the filter as it is loaded with PM.  

 

 

Figure 1.6. Schematic of cross-section of the filter setup in the PSAP (Copyright from the Aerosol Science 

and Technology 1999).118 

 

Extensive corrections and calibrations are required to obtain absorption 

coefficients (babs) using this technique.118 The first is the correction of the reduction in 

light intensity as it passes through the particle-loaded filter, which is dependent on the 

amount of absorbing material loaded onto the filter as well as particle optical properties 

and particle size,118 which are each highly variable with source, transport, and aging as 

discussed previously. The other correction is for the bias rising from light scattering from 

both the filter substrate and from captured particles on the filter, which can be obtained 

by measuring the scattering of suspended particles using a nephelometer.118 The apparent 
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absorption is corrected by subtracting the scattering coefficient from the absorption 

coefficient. 

 

2)  Photoacoustic absorption spectrometer (PAS) 

The photoacoustic absorption spectrometer (PAS) measures the light absorption of 

suspended aerosols without inherent dependence on filter properties and relevant 

corrections. It has been widely used for measurements of aerosol absorption since its first 

reported application for carbonaceous aerosols.119 PAS measures the light absorption by a 

given substance through the detection of acoustic signals. As shown in Figure 1.7, the 

absorption of radiative energy from a source light by a substance in the sampled air 

causes local heating that leads to thermal expansion, which creates a pressure wave. The 

pressure wave reaches a sensitive microphone and produces a sound signal that is directly 

proportional to the total light absorption by the sample, which is amplified and sent to a 

detector.120 The signal in PAS is generated only by absorbed light, which makes it well 

suited for measuring total PM absorption.  

 

 

 

Figure 1.7.  Schematic of laboratory PAS system (copyright from the International Journal of 

Thermophysics, 2015)121 
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3)  Determination of the AAE for BrC using optical measurement data 

The Absorption Ångström Exponent (AAE) for BrC can be determined indirectly from 

light absorption coefficient values (babs(λ)) measured using the optical techniques 

described above. For the total aerosol absorption, 𝐴𝐴𝐸𝑎𝑏𝑠 is determined using babs(λ) at 

multiple wavelengths (λ1, λ2) following a power law as shown by equation (E1). The 

AAE calculated from the total aerosol absorption (𝐴𝐴𝐸𝑎𝑏𝑠) is then used to estimate the 

total aerosol absorption coefficient at a wavelength (e.g., 365 nm) where the contribution 

from BrC absorption is significant (E2). The fraction contributed by BC absorption babs,BC 

(365 𝑛𝑚) can be calculated using the absorption at a longer wavelength (E3) and 

subtracted from the total absorption (E4). The success of this strategy relies on the fact 

that the absorption of BrC decreases sharply from shorter wavelengths to longer 

wavelengths: for wavelengths > 550 nm, where the contribution from BrC is negligible, 

aerosol absorption values can be considered as fully contributed by BC; a wavelength of 

660 nm is usually chosen for the calculations in (E2–E4).122 

 

𝐴𝐴𝐸𝑎𝑏𝑠 = –
𝑙𝑛(𝑏𝑎𝑏𝑠 (𝜆1))−𝑙𝑛(𝑏𝑎𝑏𝑠(𝜆2))

𝑙𝑛(𝜆1)−𝑙𝑛(𝜆2)
                                            (E1) 

𝑏𝑎𝑏𝑠 (365 𝑛𝑚) = 𝑏𝑎𝑏𝑠 (660 𝑛𝑚) × (
365

660
) 𝐴𝐴𝐸𝑎𝑏𝑠                  (E2) 

𝑏𝑎𝑏𝑠,𝐵𝐶 (365 𝑛𝑚) = 𝑏𝑎𝑏𝑠 (660 𝑛𝑚) × (
𝜆

660
) 𝐴𝐴𝐸𝐵𝐶               (E3) 

𝑏𝑎𝑏𝑠,𝐵𝑟𝐶 (365 𝑛𝑚) = 𝑏𝑎𝑏𝑠 (365 𝑛𝑚) − 𝑏𝑎𝑏𝑠,𝐵𝐶 (365 𝑛𝑚)        (E4) 

 

1.4.1.2 Coupling optical instrumentation with online compositional information 

The aerosol mass spectrometer (AMS) has been coupled with optical instruments, 

such as PAS 123 and multi-wavelength aethalometers,124 to investigate the relationship 

between the composition and light absorption of BrC. 

AMS is a technique that provides online, size-resolved, quantitative aerosol 

composition data. After sampling, particles flow through a critical orifice into an 

aerodynamic lens, which focuses them into a narrow beam and accelerates them to a 

velocity that is inversely proportional to their vacuum aerodynamic diameter; the 

sampling beam impacts a heated tungsten surface (600 ℃), which flash vaporizes non-
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refractory materials, and the resulting gaseous products are ionized using electron impact 

(EI) ionization and detected by a time-of-flight mass spectrometer (ToF-MS).125 

As EI results in significant analyte fragmentation, aerosol composition obtained 

using AMS is usually characterized in terms of molecular O:C and H:C ratios. The 

resulting AMS data are classified into different fractions based on the prevalence of 

oxygen-containing functionalities, including hydrocarbon-like organic aerosol (HOA), 

semi-volatile oxygenated organic aerosol (SV-OOA), and low-volatility oxygenated 

organic aerosol (LV-OOA), using statistical methods (factor analysis). The mass 

contributions of these broadly defined compositional classes to the overall light 

absorption of BrC can be used to investigate BrC sources and aging effects.126–128 For 

example, a higher fraction of LV-OOA implies a higher degree of oxidation and lower 

volatility of BrC, indicating the effect of the aging process. 

 

1.4.1.3 Thermal denuders  

Application of thermal denuders (TD) upstream of the sampling inlet of in situ aerosol 

measurement instruments like PAS allows for the investigation of the BrC absorption 

contributed by OA fractions with different volatilities.83,129 During emission, some gas-

phase organic compounds can condense on particles; TD is widely used with in situ 

aerosol measurements to remove these volatile and semi-volatile materials. Coupled with 

different heating programmes (i.e., different temperatures), the TD technique allows 

researchers to systematically measure the volatility profiles of primary and secondary 

BrC species, thus providing insight into the effects of aging on BrC properties.130 It can 

also be applied for the investigation of the effect of organic coatings on particle 

absorption.131 

The TD technique is a flow-through system that typically consists of a heating 

section (200–300 ℃) in which the particles are heated to evaporate the condensed 

organics. In theory, the heating section provides an adequate residence time for efficient 

removal of condensed species. However, the TD method still suffers from artifacts 

caused by insufficient removal and the recondensation of evaporated gases on both the 

particles and the TD walls.132 As a result, a cooling section that is packed with absorbents 
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(e.g., activated carbon, desiccant) is often inserted after the heating section to absorb 

evaporated material.133 

 

1.4.1.4 Particle into liquid sampler (PILS) coupled with UV-Vis detection 

The particle-into-liquid sampler (PILS), coupled with UV-Vis detection, has been 

extensively used for the on-line and continuous measurement of the water-soluble 

fraction of BrC (WS-BrC). For example, it has been applied at ground sites for the in situ 

analysis of the WS-BrC component of ambient PM collected in both rural and urban 

regions in the southeastern United States126,134  and the central Indo-Gangetic Plain.127 In 

two major aircraft campaigns focusing on fire impacts on air quality and climate, the Fire 

Influence on Regional to Global Environments Experiment - Air Quality (FIREX-AQ 

2019) 135 and the Western Wildfire Experiment For Cloud Chemistry, Aerosol 

Absorption And Nitrogen (WE-CAN 2018),136 PILS was also deployed to collect the 

water-soluble fraction of PM from wildfires and prescribed burning.  

In the PILS instrument, the PM-containing sample flow is mixed with an 

incoming flow of water vapour-saturated air; the resultant droplets are then collected 

through impaction on a quartz plate that is continuously washed with a constant water 

flow (Figure 1.8). The resulting liquid stream is either subsequently directed to a 

UV/visible spectrometer equipped with a long optical pathlength liquid waveguide 

capillary cell (LWCC) or collected in vials for further offline analysis. In some cases, a 

total organic carbon (TOC) analyzer can also be applied to obtain online measurements 

of water-soluble OC concentrations, which are not available from other aerosol optical 

instruments,126 and thereby enable the calculation of MAC values for collected PM. 
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Figure 1.8.  Schematic of the particle-into-liquid sample (Copyright from Atmospheric Environment, 

2003)137 

 

1.4.2. Offline characterization  

1.4.2.1 Extraction techniques  

Analysis of solvent extracts of filter samples is one of the most prevalent approaches in 

determining the composition and light absorption of BrC. Here, the organic fraction of 

particles collected on filter substrates is extracted into solvents to separate it from 

insoluble material (e.g., BC and crustal material).134 The resulting solvent-soluble organic 

fractions of the OA are amenable to further characterization of the chemical composition 

and bulk absorbance of the chromophores.  

The water-soluble fraction of BrC is the most studied to date. However, as BrC is 

comprised of organic compounds that exhibit different solubilities in different solvents, 

not all BrC components can be captured through aqueous extraction.138 To address the 

problem of incomplete extraction of organics, solvents with different polarities (e.g., 

https://www.sciencedirect.com/science/journal/13522310
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water, methanol, and acetonitrile) can be selected to extract different fractions of BrC; 

this strategy has indicated a solvent dependence for the retrieved light-absorption 

characteristics.84,139 In the case of the HULIS fraction of BrC, the extraction method 

usually involves heat and alkali addition,140 which can potentially lead to changes in light 

absorption through disruption of molecular aggregates and/or decomposition of 

individual molecules. However, these potential artifacts haven't yet been addressed. 

 

1.4.2.2 Spectrometric characterization   

The bulk absorption of BrC chromophores in solvent extracts is usually measured using 

UV–Vis spectrophotometry; the measured solvent-soluble absorbance can be converted 

to corresponding solvent-phase absorption coefficients (babs, sol), then subsequently to 

particle-phase absorption using empirically obtained conversion factors.  

In addition to absorption values, the spectral slope (S) derived from absorption 

spectra of dissolved organic matter (DOM) is a parameter that is commonly used by 

environmental chemists and biogeochemists to further investigate the chemical 

composition and source of DOM.141 This parameter is largely independent of sample 

concentration and correlates strongly with molecular weight (MW).142 Within a selected 

wavelength region (e.g., 275–295 nm, 350–400 nm), the slope ratios (SR) between the 

shorter (275–295 nm) and the longer (350–400 nm) wavelength ranges can be correlated 

with DOM source and speciation.102 Although this approach has not yet been applied to 

the study of atmospheric organic matter, when validated by molecular size-separation 

techniques (e.g., ultrafiltration and gel filtration chromatography), S and SR could 

potentially also be used to investigate the absorption of size-separated BrC, as well as its 

photochemical evolution.  

Fluorescence excitation–emission matrix (EEM) spectroscopy is a technique that 

is widely used for analysis of complex environmental mixtures. Coupled with parallel 

factor analysis (PARAFAC) analysis, EEM has been used to facilitate the identification 

and quantification of independent underlying signals of samples from various 

atmospheric environments.143 Recently, this technique has also been shown to be a 

powerful analytical tool for the source appointment and compositional analysis of 
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BrC.144,145 For example, one study using EEM analysis reported that the total absorption 

of HULIS varies with its oxidation state.146  

 

1.4.2.3 Mass spectrometry 

High-resolution mass spectrometry (HRMS) with soft ionization techniques is often used 

to analyze the molecular composition of OA, with either direct infusion or previous 

separation using reversed phase high-performance liquid chromatography (HPLC).147 

However, MS cannot discriminate between light-absorbing and non-absorbing molecules. 

To link the chemical composition and optical properties of BrC, identification of BrC 

chromophores can be accomplished by comparing MS spectra obtained before and after 

simulated aging to see which specific components were associated with light 

photobleaching or photo-enhanced absorption.148 More unambiguously, MS identification 

of BrC chromophores has often been performed in combination with UV detection, such 

as photodiode array (PDA) detection, by comparison of the MS characteristics of the 

light-absorbing peaks identified in the HPLC elution profiles to those of reference 

compounds.20,149 

Electrospray ionization (ESI) is the most common ionization technique for the 

analysis of OA. The molecular-level characterization of both fresh and ambient biomass 

burning BrC samples has been accomplished via offline analysis of PM extracts using 

LC/ESI-HRMS and PDA detection.20,149–151 ESI is traditionally used to analyze polar 

molecules, and many individual chromophores have been identified through this 

technique, such as nitrophenols and their derivatives.152,149 However, for the hydrophobic, 

less ionizable components (e.g., PAHs) that account for a considerable fraction of BrC, 

ESI might not be sufficient to capture them. In these cases, other soft ionization 

techniques, such as atmospheric pressure chemical ionization (APCI) and photoionization 

(APPI), are applied as alternatives. Together, these multiple ionization methods provide a 

more comprehensive understanding of chromophores with a wide range of 

properties.150,153 However, as a result of the potential for potential fragmentation154 and 

multiple charging effects,155 the characterization of the high-MW component of BrC, 

such as the HULIS fraction, is always a challenge in MS analysis, regardless of the 



 
25 

ionization technique. For this fraction of BrC chromophores, new analytical methods 

need to be developed.  

 

1.4.3. Application of size separation techniques  

1.4.3.1 Size-exclusion chromatography  

Size-exclusion chromatography (SEC) is a well-established technique that is used to 

separate molecules with high MW, such as proteins or polymers, based on their 

hydrodynamic size (i.e., the volume occupied by each molecule in a particular solvent).156 

As shown in Figure 1.9, SEC columns are packed with porous particles (A) composed of 

different materials. Molecules with different hydrodynamic sizes/Stokes radii elute at 

different times: large molecules, which can’t enter small pores, elute earlier, whereas 

small molecules, which can access a greater fraction of pores, take longer to travel 

through the column and elute later (B). The resultant chromatograms show the time-

dependent elution of large to small molecules (C). Estimation of the MW of a given 

sample is obtained by using the retention time of the sample to find the corresponding 

MW from a calibration curve made with standards of known MW.  

SEC has been widely employed to estimate the MW and MW distributions of 

natural organic matter (NOM)157–159 and humic substances,160–163 and has also been used 

to characterize the HULIS fraction of ambient atmospheric PM.153,164,165  Recently, it has 

been applied to investigate the size-dependent light absorbing properties of BrC.109,166 

However, proper application of SEC in the separation and characterization of complex 

organic mixtures like BrC, which is made up up thousands of unknown compounds, is a 

great challenge.  

The main challenge in SEC analysis of complex mixtures arises from the fact that 

the separation mechanism of SEC is not only governed by molecular size, but is also 

influenced by two important non-size effects.156 First, some analytes can either be 

absorbed on the column matrix via hydrophobic interactions or be excluded from entering 

the pores by electrostatic repulsions, both of which can lead to shifts in retention time and 

incorrect estimation of MW values. Second, some analytes can become more expanded or 

compacted due to intramolecular secondary interactions, leading to changes in their 

hydrodynamic radii and corresponding shifts in retention times. Although these non-size 
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effects can be mitigated by modifying the mobile phase with organic solvents or buffers, 

it is impossible to completely eliminate them.161 That is, to accurately estimate MW 

values using SEC, calibration curves must be made with standards with properties and 

three-dimensional structures similar to those of the analyte, because different species can 

experience different secondary interactions. The investigation of these non-size effects 

and their impacts for BrC characterization is a major focus of my thesis work, and is 

described in detail in Chapter 2.  

 

 

Figure 1.9. Illustration of the SEC working principle (copyright from Current Protocols in immunology, 

2019)167   

 

1.4.3.2 Field-flow fractionation 

Field-flow fractionation (FFF) is a technique that can separate macromolecules in a flow 
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by the combined effect of parabolic flow profile and a vertically applied external force 

field.168 In a FFF system, the sample flows through a flat ribbon-like channel formed with 

an upper and a bottom plate, where an external field is applied perpendicularly to the 

channel, and components in the sample flow are subjected to both horizontal (channel 

flow) and vertical (cross flow) fields. Molecules of relatively small size are subjected to 

less vertical force and spread towards the center of the flat channel, while molecules of 

relatively large size are subjected to more vertical force and are closer to the 

accumulation wall (bottom plate); a size gradient will be formed in the vertical direction. 

In that flat channel, the closer the fluid is to the center, the faster it flows, while the closer 

it is to the edge, the more uniform and slower it flows. Therefore, the relatively small size 

components are detected first by the back-end detector and the larger size components are 

detected later.  

 

 
Figure 1.10 Illustration of the schematic of AF4 system (copyright from Biomolecules 2020)169 

 

According to the different external force fields, FFF can be divided into flow field 

flow fractionation, settling field flow fractionation, thermal field flow fractionation, 

electric field flow fractionation and other techniques. In the flow field flow fractionation, 

the external field is a cross flow applied perpendicular to the direction of the channel 

flow, and the fractionation and separation of molecules are controlled by their differences 

in diffusion coefficients. Asymmetric flow field-flow fractionation (AF4) uses a cross-

flow at a rate that is not equal to the channel flow.  

AF4 can fractionate and characterize macromolecules such as polymers, proteins 

in a wide range of size approximately from 2 nm to >1 mm.170,171 Recently, application of 

AF4 coupled with varying techniques including ultraviolet-visible/fluorescence,172,173 and 

ICP-MS174 is becoming an increasingly popular technique for the characterization of 

samples in the aquatic system. For example, AF4 coupled to photodiode array and 
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excitation–emission matrix fluorescence detectors (AF4-DAD-EEM) is very useful in 

characterizing the optical properties of DOM at different size fractions.173  

AF4 has a great potential in the characterization of atmospheric aerosols because of 

the flexibility in its application: theoretically it can be applied for any analyte for which 

one can find a solvent and a permeable membrane. Moreover, it doesn't require changing 

separation parameters.170 Unlike SEC, AF4 requires no stationary phase, thus the 

separation in AF4 is free of nonspecific interactions between analytes and column matrix 

as suffered in SEC. However, this also means particles with the same hydrodynamic size 

but with different morphologies, surface composition and other biophysical properties 

cannot be separated from each other via AF4 alone. In this thesis, we used both AF4 and 

SEC in the investigation of size and properties of BrC chromophores, and the details are 

described in Chapter 2.  

 

1.4.4. Current analytical challenges in the characterization of BrC 

At present, BrC characterization is accomplished by spectral measurement of primary 

emission samples or secondary reaction products, with complementary compositional 

analysis at the molecular level; the correlation analysis of light absorption of ambient 

samples with emission sources can provide further information regarding source-

dependent light absorption and ultimate BrC climate impacts. However, as there are still 

many shortcomings associated with existing BrC characterization methods, improvement 

of these methods and development of new techniques is highly desired for a 

comprehensive understanding of BrC optical properties and composition. 

The first critical challenge for BrC characterization is that there is no ideal 

method for the extraction of BrC absorption from total aerosol measurements, either via 

in situ or offline characterization. As discussed previously, distinguishing the BrC 

absorption from the BC contribution to the light absorption of carbonaceous PM is based 

on the assumption that BrC absorption at longer wavelengths (>550 nm) is minimal.175 

However, if the BrC absorption is non-negligible at the chosen wavelength, this 

assumption would result in an underestimation in the concentration of BrC. In addition, 

the mixing of BC and BrC, as well as the mixing of BrC with other non-absorbing 

materials during atmospheric aging, has the potential to change the contribution of BrC to 
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the total aerosol light absorption; it is challenging both to determine the mixing state of 

carbonaceous PM and to estimate the effect of mixing on the overall optical properties.66  

Inferring BrC aerosol optical properties from the properties of solvent extracts 

using simple empirical conversion factors is another approach that is commonly 

applied.126,176 This is an efficient way to separate BrC absorption from that of BC, due to 

the insolubility of BC; however, there are three inevitable problems associated with this 

method. First, because it is impossible to separate the BrC from some non-absorbing OA 

that also dissolves in the solvent, any obtained MAC values also reflect contributions 

from this non-absorbing component. Second, the complete extraction of BrC is hard to 

achieve due to the wide range of polarities and solubilities of BrC constituents.177 Finally, 

solvent extraction will necessarily change the phase state of the absorbing material and 

can also lead to breaking of macromolecular associations, which could lead to a 

discrepancy in the optical properties measured for solvent extracts and those of PM itself.  

Another major challenge in BrC characterization lies in its complex, continually 

evolving composition. In particular, it is difficult to distinguish light-absorbing 

components (chromophores) from non-absorbing constituents in organic aerosol 

mixtures. Although conventional methods using HRMS coupled with HPLC/PDA can 

provide information regarding potential BrC chromophores,150 these methods are not 

designed for quantification and definitive identification of light-absorbing components. In 

addition, the analytical challenges associated with this approach, such as insufficient 

ionization, fragmentation,178 and multiple charging,179 further complicate BrC 

characterization. Furthermore, the concentrations of light-absorbing molecules in 

complex organic mixtures are low, which makes identification of BrC chromophores a 

very challenging task. 

 

1.5. Laboratory and field studies of wildfire BrC 

1.5.1. Laboratory investigations 

Laboratory BrC research has primarily focused on molecular-level compositional 

characterization and mechanistic (formation and aging) investigations. Compositional 

characterization is usually conducted using solvent extracts of BrC, which is either 

collected from ambient air or laboratory biomass combustion. As described in Section 
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1.4.2, individual BrC chromophores are identified using HRMS coupled with 

spectrometric techniques. Mechanistic studies of BrC aging processes (e.g., photoaging, 

oxidation) have been conducted using both aqueous solutions of individual BrC proxies 

(e.g., nitrated aromatics)111 and aqueous extracts of ambient PM.109,166  

Atmospheric simulation chambers (also known as smog chambers) are powerful 

tools in the study of the mechanism of formation and aging of BrC. Here, emissions from 

controlled combustion of selected fuels (e.g., coal, wood chips, duff, grass) are diluted 

and injected into the chamber and exposed to natural light or UV lights to simulate the 

aging process in the atmosphere.180 This methodology has identified the secondary 

formation of BrC in the photoaging process of biomass burning emissions.65 Chamber 

studies are also widely used to study the formation of secondary BrC from the oxidation 

of VOCs. For example, a recent study reported secondary BrC formation from the 

oligomerization of small α-dicarbonyls.181   

Controlled combustion of different fuel materials is an important focus of BrC 

laboratory research. For example, the Fire Lab at Missoula Experiments (FLAME) in 

2006–2007 was a major biomass burning campaign conducted to characterize the 

physical, chemical and optical properties of emissions from open combustion. Over 255 

laboratory burns were conducted with 33 different biomass types, which were selected to 

represent fuels consumed in prescribed burns and wildfires in the United States.182 In this 

campaign, both filter-based and online techniques were used to obtain a comprehensive 

understanding of the chemical composition and physical properties of biomass burning 

PM, including size distribution, optical properties (e.g., SSA), aerosol hygroscopicity and 

CCN/IN activity.85 

 

1.5.2. Field studies  

Many field studies have been conducted to investigate the potential impact of wildfire 

emissions on climate and air quality over a broad scope, from the gas to the aerosol 

phase, using techniques ranging from in situ measurement to remote sensing. For 

example, the ICARTT (International Consortium for Atmospheric Research on Transport 

and Transformation) campaign in 2004 conducted 11 individual field experiments to 

investigate how intense fires from Alaska and Canada can influence air quality at distant 
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locations in North America.183 In addition, the POLARCAT (Polar Study using Aircraft, 

Remote Sensing, Surface Measurements and Models, of Climate, Chemistry, Aerosols 

and Transport) project, which took place in 2008, was set to study the atmospheric 

composition in the Arctic and impact of fires in Asia on the Arctic haze over Alaska.184 

TexAQS 2006 focused on the effect of wildfire emissions on urban air quality.185 The 

SEAC4RS (Studies of missions and Atmospheric Composition, Clouds and Climate 

Coupling by Regional Surveys) campaign in 2013 investigated the redistribution of 

pollutants, including biomass burning emissions, via deep convection throughout the 

troposphere, as well as how this process would affect chemistry in the upper troposphere 

/ lower stratosphere.54 Most recently, the WE-CAN (Western Wildfire Experiment for 

Cloud Chemistry, Aerosol Absorption, and Nitrogen) aircraft campaign deployed in the 

summer of 2018186 and the FIREX-AQ (Fire Influence on Regional and Global 

Environments Experiment-Air Quality) field campaign in the summer of 2019135 were 

specifically designed to study the air quality impacts and climate effect of prescribed fires 

and wildfires using both ground-based and aircraft measurements.  

These major field studies provided measurements and characterization of 

emissions from biomass burning and wildfires from various aspects, including the 

properties of light-absorbing carbonaceous PM. Results from WE-CAN further support 

the previous conclusion that most PM  absorption is contributed by relatively small mass 

fractions of BrC chromophores, such as nitrophenols; for example, for relatively fresh 

wildfire PMparticulate nitro-phenolic compounds accounted for only ~4% of OA mass, 

but approximately a third of average BrC light absorption at 405 nm.187 ICARTT used 

fractionate the organic carbon component of PM by volatility and found the refractory 

organic carbon (residual at 400°C) dominated the Pmabsorption in plumes from Alaskan 

and Canadian forest fires.188 TexAQS/GoMACCS found that PM associated with 

biomass burning and/or urban pollution accounted for ~ 73% of the AOD over the urban–

industrial Houston area, which highlights the significance of climate impact of 

combustion process189 As for the impact of fire emissions at long distances, POLARCAT 

studied the chemical composition of atmosphere over the Arctic, and found that nearly 

half of the total burden of BC within the western Arctic domain was from Asian biomass 

burning emissions, which also contributed significantly to the haze over Alaska.190 The 
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SEAC4RS campaign compared simulated BrC absorption properties (based on previous 

laboratory data) with direct aircraft measurements,  and found that these two values 

agreed well for fresh BrC, but not for aged BrC absorption. Based on these results, the 

authors suggested that the omission of the effects of photobleaching in previous studies 

led to the overestimation of BrC absorption.191  

 

1.6. Wildfire PM as a surface for atmospheric reactions 

1.6.1. PM and smoke chemistry   

PM plays two important roles in the chemistry occurring in wildfire plumes. First, 

compared to other types of primary PM (e.g., dust), fire-emitted PM is smaller in size and 

more enriched with organic compounds, indicating a larger per-mass surface area and 

correspondingly more active surface sites for heterogeneous reactions to take place. As 

discussed in the following section, these heterogeneous chemical reactions in the plume 

lead to significant changes in both gas-phase composition and PM properties, including 

composition, size, hygroscopicity and optical properties. Second, large amounts of PM 

can alter the actinic flux within the plume by absorbing or reflecting radiation, thus 

affecting in-plume photochemistry. However, the impact of emitted PM on gas-phase 

chemical processes in wildfire plumes is uncertain and needs to be further investigated 

through laboratory and modeling work. 

 

1.6.2. Influence on trace gas concentration and particle properties  

Along with PM, wildfires emit a substantial quantity of gaseous species, including 

greenhouse gases, VOCs, and NOx, into the atmosphere. These gaseous species can 

undergo chemical reactions with PM, which can further affect plume chemistry, 

including the gas phase composition and particle properties. For example, the 

heterogeneous reaction of O3 on the surface of fine PM leads directly to O3 depletion, 

whereas heterogeneous uptake of SO2 and NO2 can lead to the formation of O3 and 

hydroxyl radicals (OH) in the smoke plume, 192–194 which can alter the oxidation capacity 

of the wildlife plume. The composition and characteristics of particles can also be altered 

by heterogeneous reactions occurring on their surfaces. For example, photochemical 
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aging process can increase hygroscopicity of carbonaceous particles and lowering the 

diameter threshold for CCN activation.195 In addition,  heterogeneous reaction of BrC 

with gaseous oxidant (e.g., OH) can lead to oxidative degradation of the chromophores, 

resulting in decrease in its absorptivity.196 Condensation of organics on the surface of 

particles leads to a growth in particle size and changes the surface reactivity.197,198 Some 

photooxidation of organic compounds in the PM could lead to formation of light 

absorbing organic compounds (as described in Section 1.3.1). Here, in the following 

sections, I focus on the interaction of NOx/NOy with biomass burning PM. 

 

1.6.3. Nitration of polycyclic aromatic hydrocarbons (PAHs) 

Polycyclic aromatic hydrocarbons (PAHs) are well-known and established 

environmental contaminants.199 They have been found to widely exist in the atmosphere, 

both in the gas phase and in the particle phase.200 Nitrated PAHs (nitro-PAHs), 

derivatives of PAHs with at least one nitro functional group (-NO2) within or on the 

aromatic ring, are more toxic and possess higher carcinogenicity than their parent 

PAHs,201 and can elicit a variety of ecological and human health impacts by causing 

altered gene expression of a diverse set of genes.202  

Nitro-PAHs in the atmosphere have two main sources: first, direct emission via 

incomplete combustion processes (e.g., vehicle exhaust), which contributes little to 

atmospheric concentrations;203 second, production through the heterogeneous chemistry 

of PAHs, which are present in high concentrations in combustion (e.g., wildfire) PM;204 

this path is considered to be the major source. Once emitted from combustion sources, 

PM-bound PAHs undergo reaction with nitrogen-containing trace gases, converting the 

parent PAHs into nitro-PAHs and resulting in increased PM toxicity.205 Previous studies 

have investigated the heterogeneous formation of PAHs with N2O5/NO3/NO2 using PAHs 

adsorbed on filter substrates and coated on azelaic acid particles, as well as particles 

collected from combustion (diesel and wood) or ambient air. The reaction ofPM-bound 

PAHs in the presence of NO2 has been mostly studied on the surface of lab-generated 

BC,206 and has been shown to result in a significant enhancement in the nitro derivatives 

of the sorbed PAHs, as well as the release ofHONO and NO products to the gas phase.207 

Fewer studies have investigated the formation of nitro-PAHs on ambient urban PM205,208 
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and organic films consisting of PAH compounds.209 Because the nitroaromatics are major 

components of BrC chromophores, the heterogeneous reaction of combustion particles in 

the presence of NOx not only affects the toxicity of PM, but also influences the optical 

properties and atmosphere fate of BrC. 

 

1.6.4. Heterogeneous conversion of NO2 to HONO as a potential source 

of OH in wildfire plumes 

As the most important oxidant in the atmosphere, the hydroxyl radical (OH) is 

responsible for the oxidation and removal of most natural and anthropogenic trace 

gases.210 As the major precursor to OH in the atmosphere, photolysis of the nitrous acid 

(HONO) contributes about 60% of the integrated OH yield.211 Due to its importance to 

the atmospheric OH radical budget, its ambient level and sources has been studied 

intensively. However, the daytime mixing ratios of HONO cannot be explained solely by 

the gaseous reaction of NO and OH.212 

Though the sources of HONO in the atmosphere are still not well understood, 

heterogeneous formation of HONO from nitrogen dioxide (NO2) uptake on PM, 

especially PM emitted from combustion processes, have attracted lots of interest because 

of its potential role in contributing to atmosphere HONO. HONO has been found both in 

and downwind of wildfire smoke plumes, contributing over 80% of nighttime HONO 

concentrations,213 with direct emission from the biomass burning comprising the majority 

of the remainder.  

To investigate the potential production of HONO from the heterogeneous reaction 

of NO2 with PM, NO2 uptake has been widely studied using laboratory-generated soot as 

well as some organic compound proxies. The HONO yielded from these reactions 

supports the hypothesis that HONO formation is promoted by biomass burning 

PM.194,214–218 However, little research has been done on non-soot BB aerosol surfaces, 

and none on actual wildfire samples of organic aerosols, which is one of the scientific 

focus in the thesis. Chapter 4 describes the first investigation of the heterogeneous 

uptake of NO2 by biomass burning PM generated from the combustion of boreal peat, 

and the implications of this process for the HONO sources in the atmosphere. 
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1.7. Thesis motivation and scope  

1.7.1. Thesis motivation  

The composition of primary BrC from biomass burning is highly affected by fuel 

materials and combustion conditions, leading to variations in its overall light absorption, 

chemical reactivity, and the life cycle in the atmosphere. However, how the chemical 

composition and light absorption of BrC are correlated, and how these correlations are 

affected by combustion processes, are still unknown and need to be further investigated. 

Understanding these relationships is important for predicting the climate and air quality 

impacts of wildfire emissions, because vegetation and ecological conditions both vary 

with geographical region.  

  

1.7.2 Thesis goals and highlights of contributions 

The goals of this thesis are to investigate and fundamentally understand the impact of PM 

emitted from biomass burning on climate and air quality, with a focus on the exploration 

of source-dependent properties. In particular, the primary goal is to investigate the 

correlations between the chemical composition and light absorption of freshly emitted 

biomass burning BrC, and how this correlation evolves during the atmospheric aging 

process. The effect of fuel properties and combustion conditions on these properties and 

processes is a major focus of this goal. The second goal is to explore the heterogeneous 

reactivity of BrC in wildfire plumes and assess whether this process is affected by fuel 

properties.  

To achieve these goals, I developed a small-scale biomass burning campaign for 

BrC generation using boreal peat. Boreal peat is a major fuel type in boreal regions (e.g., 

Canada), but its climate-relevant properties have been much less studied than other fuels. 

Specifically, I prepared the peat samples into different moisture contents and segmented 

them into different layer with different sampling depth (0-5 cm, 10-15 cm, and 25-30 cm) 

in order to systematically study the effect of peat properties (moisture content, bulk 

density and fuel composition) on the light absorption and chemical reactivity of BrC. 

This biomass burning campaign facilitates us in investigating the dependence of BrC 

absorption on the fuel properties and/or combustion conditions, and implications in 
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predicting its role in the dynamic chemistry of wildfire plume; therefore, it provides 

insights into regional and global scale impacts on both climate and air quality of 

wildfires.  

In this thesis, I present a new analytical methodology of characterizing the 

correlations between composition and light absorbing properties of BrC using SEC-PDA 

(Section 1.4.2.2). Out of the numerous methods by which BrC can be characterized, SEC 

coupled with spectrometric techniques is a useful tool with great potential in elucidating 

the optical and chemical properties of biomass burning BrC. However, proper application 

of SEC in the separation and characterization of complex and poorly characterized 

organic mixtures, such as BrC, is currently impossible because the different components 

would be subjected to different secondary interactions. Instead, I use SEC/PDA to 

characterize the size-dependent light absorption of BrC, inferring compositional 

properties, such as polarities, size, and aggregation of BrC chromophores by examining 

the occurrence of secondary interactions under different mobile phase conditions. To my 

knowledge, this work represents the first attempt to investigate the correlations between 

the composition and optical properties of BrC using SEC, and provides new challenges 

and insights for the application of this technique to the characterization of complex 

mixtures sampled from atmospherically relevant environments. 

The effect of fuel properties on the chemical reactivity of biomass burning BrC is 

investigated through the heterogeneous conversion of NO2 to HONO on the PM surface. 

Heterogeneous processes in wildfire plumes have been suggested as an important source 

of HONO, as enhanced HONO mixing ratios have been observed both in and downwind 

of wildfire plumes. However, most of the studies in this area to date have been conducted 

with BC; the reactivity of organic PM has rarely been investigated. How the PM 

properties can be correlated to its heterogeneous reactivity, and in particular, the 

mechanism of HONO formation in the plume, is poorly constrained. To the best of my 

knowledge, this is the first study of the HONO conversion on authentic biomass burning 

BrC. 
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1.7.3. Scope of the thesis  

This thesis consists of the following 5 chapters. Chapter 1 provides an overview of the 

background and motivation for studying combustion PM, including sources; impacts on 

climate, air quality and public health; evaluation criteria; and evolution of BC and BrC. 

In addition, it highlights the state of the art, challenges, and research developments in our 

understanding of wildfire PM–climate interactions. Chapter 2 describes how the light 

absorption properties of BrC can be studied using SEC/PDA, with a focus on analytical 

method development. Chapter 3 reports the effect of combustion conditions and fuel 

properties on the size-dependent light-absorbing properties of BrC, which were 

determined using the SEC-PDA method described in Chapter 2, and evaluates the 

evolution of the light absorption of different BrC samples upon simulated atmospheric 

photoaging. Chapter 4 focuses on investigating the reactivity of wildfire PM towards 

NO2 as a potential source of HONO in the atmosphere. In this chapter, I present the 

preliminary results of the heterogeneous uptake of NO2 on filters loaded with BrC 

collected from the biomass burning campaign and, for purposes of comparison, wood 

pyrolysis. Chapter 5 summarizes the main findings of this thesis and proposes future 

research directions. 
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Chapter 2 
 

Unraveling the complexity of atmospheric brown 

carbon produced by smoldering boreal peat using size-

exclusion chromatography with selective mobile phases 
 

 

2.1. Introduction 

Combustion processes release large amounts of carbonaceous particulate matter (PM) 

into the atmosphere,1,2 which both absorbs and scatters solar radiation and influences 

global climate in complex ways.3,4 Light-absorbing carbonaceous PM can be divided into 

two categories: soot, also known as black carbon (BC), which absorbs light efficiently 

from the UV region to the infrared;5 and a complex mixture of organic compounds 

known as brown carbon (BrC), which exhibits a sharp decrease in absorption with 

increasing wavelength from the UV region to the visible.6,7 Although measurements and 

models have suggested that the warming effect of BrC is substantial,8,9 inclusion of BrC 

light absorption in climate simulations is challenging,10 primarily because of the 

complexity of BrC formation11,12 and light absorption mechanisms,13,14 chemical 

composition,15 and atmospheric fate.16,17  

One major BrC source is wildfires, which directly release BrC as a result of 

incomplete combustion and indirectly lead to BrC formation via atmospheric photolysis, 

oxidation, and gas-to-particle partitioning of co-emitted volatile organic compounds 

(VOCs).18 An understanding of the molecular characteristics of BrC chromophores in 

wildfire PM, as well as their susceptibility to chemical transformations in the 

atmosphere,19,20 is necessary for the accurate prediction of the overall climate impact of 

wildfires. Measured increases in the frequency and intensity of boreal wildfire activity,21 

coupled with projected increases in extreme fire weather22 and overall wildfire risk,23 

lend particular urgency to these investigations. 

Molecular-level BrC characterization is usually accomplished via offline analysis 

of PM extracts using high-performance liquid chromatography (HPLC) coupled with 

photodiode array (PDA) and high-resolution mass spectrometric (HRMS) detection; 

however, summing the contribution of chromophores identified by MS (e.g., N-
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containing aromatic compounds, aromatic carbonyls, and aromatic carboxylic acids) 

typically cannot account for all BrC absorption.24–29 This discrepancy likely reflects 

qualitative and quantitative challenges associated with the application of HPLC-PDA-

HRMS to the analysis of this highly complex yet poorly characterized substrate, 

including the need to account for (largely unknown) variations in component ionization 

efficiency,25,30  distinguish which of a set of co-eluting compounds is responsible for 

HPLC-PDA absorption signals in complex chromatograms,24 and apply multiple 

ionization methods to achieve more comprehensive analyte coverage.25 In addition, the 

analysis of the high molecular-weight (MW) component of BrC (often referred to as 

“humic-like substances”, or HULIS), which consists of macromolecular aggregates 

composed of highly conjugated aromatic structures with polar functional groups 

containing oxygen and nitrogen (e.g., carboxyl and nitro groups),31 may be complicated 

by fragmentation in the MS32 and by multiple charging effects.33 

A promising technique for the analysis of the high-MW component of BrC is 

size-exclusion chromatography (SEC),34 which has been widely employed to estimate the 

MW and MW distributions of dissolved organic matter (DOM),35 humic substances,36 

and the HULIS fraction of ambient atmospheric PM.37,38 In recent years, this technique 

has also been coupled with PDA detection to estimate the molecular weight and 

characterize the light absorbing properties of BrC chromophores in ambient39–41 and 

laboratory-generated42,43 PM samples. One major challenge associated with SEC 

separation is the hydrophobic and/or electrostatic interaction of analytes with the column 

matrix, which can lead to changes in elution profiles and thus introduce large 

uncertainties to MW estimates.34 Additional uncertainties arise from intra- and 

intermolecular interactions, which can influence analyte hydrodynamic volume (e.g., via 

coiling, expansion, and aggregation/agglomeration), thereby leading to either early or 

delayed elution and corresponding overestimates or underestimates in MW.36,44  

Although the challenges associated with these secondary effects have been acknowledged 

in the broader atmospheric literature,45,46 studies of BrC using this technique have largely 

assumed that size exclusion is the dominant separation mechanism. However, as BrC 

consists of a complex mixture of compounds with a wide range of polarities and sizes,7 
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and with the potential to undergo aggregation and/or dissociation with changes in solvent 

environment,47,48 this assumption warrants critical assessment. 

In this study, we used HPLC-SEC-PDA to characterize BrC produced by 

combustion of boreal peat, an important yet poorly understood source of biomass burning 

PM.49,50 Importantly, rather than attempting to obtain accurate absolute MW estimates for 

BrC samples through the use of mobile phase solvents chosen to minimize secondary 

effects, we instead exploited these effects to systematically investigate the 

hydrophobicity and lability of the samples. In particular, we examined their elution 

behaviour as a function of mobile phase composition, including organic solvent content 

and ionic strength, and compared this behaviour to that of Suwannee River Humic Acid 

(SRHA), which has been previously used as a proxy for biomass burning BrC.39 In 

addition, we compared these results to those obtained using a complementary technique, 

asymmetric flow field-flow fractionation (AF4).51–53 Our results highlight the complex 

nature of secondary interactions in the analysis of fresh wildfire BrC using SEC and, at 

the same time, show that a sound understanding of these interactions can be used to 

provide new insights into the properties of this important PM class, including 

distributions of molecular size and polarity. Using this new approach, this study proceeds 

to reveal the aggregation and dissociation of water-soluble BrC components for the first 

time. 

 

2.2. Methods 

2.2.1. Boreal peat sampling 

Boreal peat was sampled in the traditional territory of the Bigstone Cree Nation (Calling 

Lake, northern Alberta, Canada; 55.092, -113.272) in June 2018. To capture the typical 

depth of burn (~10 cm) during wildfires,54 the bulk peat was sampled from the ground 

surface to ~40 cm. A BrC sample generated from the combustion of the peat surface layer 

(0–5 cm) was used in this study; the remaining samples were used for a comprehensive 

study of the influence of sample depth and moisture content on the light absorption 

properties of BrC generated from peat combustion.55 
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2.2.2. Peat combustion and BrC collection 

Biomass burning PM was generated from the peat sample described above at the 

laboratory combustion facility in the Northern Forestry Centre (Edmonton, Alberta). The 

peat sample was ignited by placing a quartz tube infrared electric heater (210 V, 1000 W; 

Re-Verber-Ray BAH-25) operating at ~800°C over it for 1 min. The combustion phase 

(i.e., flaming versus smoldering) was estimated using the modified combustion efficiency 

(MCE = ΔCO2/(ΔCO2 + ΔCO)),56 which was calculated using concentrations of CO 

(ULTRAMAT 23, Siemens) and CO2 (ULTRAMAT 6, Siemens) measured using an inlet 

at the intake of the overhead exhaust, ~3 m above the sample; here, this value was 0.84, 

which is consistent with smoldering combustion.57 

Water-soluble BrC was collected ~1 m above the combustion site using a particle-

into-liquid sampler (PILS; Model 4001, Brechtel) system equipped with an inlet for the 

selective collection of particles with diameters smaller than 2.5 µm (PM2.5), an activated 

carbon VOC denuder, and an auto-collection system (3.5 min·sample–1).58 The aerosol 

sampling volumetric flow rate was 13.5–13.7 L·min–1; the quartz impactor plate wash 

flow rate was 0.42–0.46 mL·min–1. PILS sample vials were stored at 277 K until analysis, 

at which time samples were diluted (×3) with deionized water (18 MΩ) and filtered 

(PTFE, 0.2 μm, 13mm, Fisherbrand Basix). 

 

2.2.3. HPLC-SEC-PDA analysis 

The system adopted in this paper is based on the previous work of Di Lorenzo et al.39–41 

A HPLC (Agilent 1100) system equipped with an aqueous gel filtration column (300 × 

7.8 mm, 75,000–250 Da, Polysep GFC P‐3000, Phenomenex) and coupled to a PDA 

(Agilent G1315B) detector was employed for the separation and detection of samples. 

The mobile phase consisted of phosphate buffer (NaH2PO4 + Na2HPO4, pH = 6.8, 20–

100 mM) mixed with varying concentrations of acetonitrile (ACN) and/or methanol 

(MeOH) as organic modifier; all mixing ratios of buffer and organic phase are reported 

here as volume percentages, and all separations were performed under isocratic 

conditions. The flow rates and column temperatures employed were either 1 mL min–1 

and 40℃ (50% and 25% ACN) or 0.8 mL min–1 and 55℃ (50% MeOH, 40% MeOH / 

10% ACN), with conditions selected to avoid overpressure of the column. Sample-to-
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sample reproducibility was assessed using the retention times of acetone and SRHA 

(Table A.2); on a given day, the variation in retention time for each marker was < 0.015 

min. The sample injection volume was 15 μL. 

 

2.2.4. Asymmetric flow field-flow fractionation (AF4) analysis 

To measure the size-resolved optical properties of BrC in the absence of a stationary 

phase and thereby verify that our results were not specific to SEC analysis, BrC and 

Suwannee River natural organic matter (SRNOM; International Humic Substances 

Society) were also analyzed using AF4 (AF2000 Multiflow, Postnova Analytics) with 

UV-Vis absorbance and fluorescence detection (G4212 DAD and G1321B FLD, 

Agilent). Fluorescence emission (280–450 nm, excitation at 230 nm) was collected with 

<1 s time resolution over the course of the separation. The relationship between retention 

time and molecular mass was calibrated before and after the sample separations using a 

mixture of poly (styrene sulfonate) sodium salts (Polymer Standards) and a molecular 

standard (bromophenol blue; Sigma Aldrich) that together spanned the range of 0.67–

20.7 kDa. This relationship was used to determine the molecular mass at peak maximum 

(Mp) of the BrC and SRNOM, measured at an absorbance wavelength of 254 nm. The 

AF4 flow program was optimized to maximize resolution in the lower size range, and a 

polyethersulfone (PES) membrane with the smallest available pore size (300 Da) was 

used to maximize retention of the smallest molecules. The carrier fluid consisted of an 

ammonium carbonate buffer (2 mM, pH 8). Additional details regarding the analysis 

method are published elsewhere.53 

 

2.2.5. Materials and chemicals 

Suwannee River humic acid (SRHA; analyzed as a saturated aqueous solution) was 

obtained from the International Humic Substances Society. MeOH (Optima grade, 

99.9%), ACN (Optima grade, 99.9%), acetone (ACS grade), and monosodium phosphate 

(ACS grade, 100.2%) were purchased from Fisher Chemical.  Dibasic sodium phosphate 

(ACS grade, 99.0%) was purchased from Sigma Aldrich. Sodium poly (styrene sulfonate) 

standards for SEC analysis (PSS; MW: 1690 Da, 5580 Da, 7540 Da, 16 kDa, 33.4 kDa, 

68.3 kDa, 78.4 kDa) were purchased from Scientific Polymer Products, Inc.; aqueous 
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standard solutions (~50 mg L–1) were stored at 277 K until use. Deionized water (18.2 

MΩ) was obtained from a Millipore Synergy UV ultrapure water system.  

 

2.3. Results and discussion 

2.3.1. Challenges associated with application of SEC to absolute MW 

determinations   

Given the chemical complexity of BrC, we first characterized our size-exclusion column 

using SRHA as a BrC proxy;39 PSS (MW: 1690 Da–78.4 kDa), a linear anionic 

polyelectrolyte that has a similar charge density to NOM,59 as calibrant; and acetone as a 

marker for the total permeation volume (Vt). Retention times for SRHA, PSS standards, 

and acetone are presented in Table A.1.  

 As discussed in the introduction, SEC MW estimates are subject to biases from 

hydrophobic and/or electrostatic interactions of analytes with the column matrix; these 

biases can be mitigated using organic and/or ionic mobile phase modifiers,34 which 

suppress analyte–column interactions. In order to assess the importance of secondary 

interactions in this study, therefore, we prepared PSS calibration curves at a range of 

phosphate buffer (20–100 mM, pH 6.8) and organic modifier (0–50% ACN, 0–10% 

MeOH) concentrations. As shown in Figure A.1 and Table A.1, the elution behaviors of 

the PSS standards and SRHA responded differently to modifications in mobile phase 

composition; as a result, the estimated MW values of SRHA over our range of mobile 

phase compositions ranged from ~1000 to > 10000 Da, despite being obtained using 

mobile phase-specific PSS calibration curves.  

In summary, because SEC separation is based on analyte hydrodynamic volume 

rather than MW and ideal analyte behaviour is often compromised by non-size effects, 

accurate estimation of MW using SEC requires the selection of calibrants that are 

chemically and structurally similar to the analytes of interest.34,38 Owing to their different 

molecular properties, PSS and SRHA are subject to different non-size effects and 

undergo different conformational changes in response to mobile phase compositional 

changes; we discuss this in detail in the Appendix A text. As a result, although analysis 

conditions can be optimized for calibrant and analyte separately, conditions that are near-

https://www.zotero.org/google-docs/?so1x2D
https://www.zotero.org/google-docs/?tvzNa6
https://www.zotero.org/google-docs/?uiqgSP
https://www.zotero.org/google-docs/?jMRzG0


 
73 

ideal for both are challenging to find. This challenge is magnified for BrC, which is a 

complex mixture of hundreds to thousands of organic compounds7 that differ in their 

three-dimensional structure, charge density, and hydrophobicity. Given these limitations, 

we do not use our SEC results to provide BrC MW estimates; instead, as described in the 

following sections, we use the identity and magnitudes of non-size effects observed under 

different mobile phase conditions to gain insight into BrC composition and properties. 

 

2.3.2. Insights into BrC composition and properties from changes in 

mobile phase composition 

2.3.2.1. Fresh peat combustion BrC differs from Suwannee River humic acid and 

ambient biomass burning BrC  

Laboratory studies have shown that fresh PM emitted by the combustion of Alaskan duff 

core60 and Indonesian peat61 is weakly to non-hygroscopic. In this context, we 

hypothesized that our BrC sample, which was collected immediately above the 

combustion source, would be susceptible to hydrophobic interactions with the column 

matrix. To test this hypothesis, we examined its elution behaviour as a function of mobile 

phase organic modifier content.  

As shown in Figure 2.1b, the BrC chromatogram exhibited a “smeared” light 

absorption at 25% ACN, which persisted > 15 min after the total permeation volume 

marker. Similar column retention was observed by Wong et al.,42 who subjected fresh 

BrC from laboratory pyrolysis of wood to SEC analysis using a 25 mM ammonium 

acetate buffer with 10% MeOH as mobile phase organic modifier. In our study, this 

smearing was significantly reduced at 50% ACN (Figure 2.1d), which suggests that it 

arose from hydrophobic adsorption of BrC components at the surface of the column 

matrix. As illustrated in Figures 2.1a and 2.1c, SRHA did not exhibit this smeared 

absorption, and was not influenced by these changes in mobile phase composition, which 

clearly highlights its limitations as a proxy for fresh biomass burning BrC. 

Further comparison of the elution behaviour of our BrC sample to that of SRHA 

reveals that these samples also differ in their molecular size, compositional complexity, 

and light absorption profiles. At 50% ACN, for example, SRHA eluted as a single 

component, with featureless light absorption that decreased sharply with increasing 

https://www.zotero.org/google-docs/?1kRYWH
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wavelength (Figure 2.1c). By contrast, under these conditions, our BrC sample eluted as 

two distinct fractions, both of which eluted later than SRHA: a high-MW fraction, the 

absorption profile of which resembled SRHA, and a low-MW fraction, which exhibited a 

structured absorption profile in the UV region (Figure 2.1d). Since, as discussed above, 

this mobile phase composition effectively mitigated hydrophobic interactions between 

BrC and the column matrix, these observations suggest that the MW of our BrC sample is 

smaller than that of SRHA, and again underscores that SRHA is an unsuitable calibrant 

for fresh BrC.  

 

 

 

Figure 2.1. Absorption density plots of SRHA and fresh biomass burning BrC (sampled via PILS, as 

described in the main text) as a function of mobile phase ACN content: a) SRHA, 25% ACN; b) BrC, 25% 

ACN; c) SRHA, 50% ACN; d) BrC, 50% ACN. In all cases, the remainder of the mobile phase was 20 mM 

phosphate buffer (pH 6.8). 

 

To measure the size-resolved optical properties of BrC in the absence of a 

stationary phase and thereby verify that our conclusions were not specific to SEC 
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analysis, we also analyzed BrC and Suwannee River natural organic matter (SRNOM) 

standard using a complementary technique, AF4. As shown in Figure 2.2, although 

performed using a different mobile phase and with SRNOM rather than SRHA as 

comparative standard, AF4 shows similar results to those obtained using SEC. In 

particular, the measured molecular size of BrC (0.81 ± 0.02 kDa) determined via AF4 

analysis was significantly smaller than that of SRNOM (1.20 ± 0.03 kDa). In addition, 

whereas the SRNOM eluted as a single peak with a relatively broad and featureless 

fluorescence emission maximum near 440 nm, the BrC sample again eluted as two 

distinct fractions. The first fraction, which eluted over a narrow size range, had a 

comparably lower MW and a narrow fluorescence maximum near 305 nm. In 

terrestrial/marine environments, this emission profile is typically attributed to tyrosine-

like62 and/or polyphenolic63 fluorophores, but this may not be the case for atmospheric 

samples.64 The second fraction, which eluted over a broad size range, had a comparably 

larger MW and a broad fluorescence emission profile centred at 390 nm, the latter of 

which is consistent with emission by HULIS in ambient PM samples collected in 

Malaysia during periods of intense haze resulting from peatland fire emissions.65 

Although further investigation of BrC using AF4 is certainly warranted, these results 

broadly verify the intrinsic complexity of BrC, as revealed by our SEC results. 
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Figure 2.2. Asymmetric flow field-flow fractionation (AF4; UV-Vis and fluorescence detection) 

characterization of a) fresh peat BrC and b) Suwannee River natural organic matter (SRNOM) standard. 

For each sample, the leftmost plot shows the fluorescence emission spectrum (excitation at 230 nm) as a 

function of AF4 elution time, and the rightmost plot shows the corresponding single-wavelength absorption 

chromatogram (254 nm). 

 

All of these results differ from those of Di Lorenzo and co-workers,39,40 who used 

HPLC-SEC-PDA to study light absorption by ambient BrC sampled from 

atmospherically aged biomass burning plumes (~10 h to > 3 days). Specifically, their BrC 

samples displayed only minor evidence of hydrophobic interactions with the column 

matrix, even in the absence of organic mobile phase modifiers. In addition, the light 

absorption of their samples was similar to SRHA, in that humic-like absorption was 

observed over the entire chromatogram, without the structured absorption we observed 

for our fresh BrC; finally, their samples eluted at a similar time as SRHA. 

These differences could reflect fundamental differences in sample types: whereas 

our BrC sample is solely from peat combustion, the BrC samples studied by Di Lorenzo 

et al. were collected from a variety of locations, and would therefore be expected to 

include contributions from multiple fuel types—and, in some cases, urban and industrial 

emissions.40 These differences could also reflect changes in BrC properties during 

https://www.zotero.org/google-docs/?iJ1ODF
https://www.zotero.org/google-docs/?NoI3vS
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atmospheric transport: for example, previous aircraft66 and laboratory67 studies of water 

uptake by biomass burning PM have shown an increase in particle hygroscopicity with 

increasing particle oxidation. Additional evidence for the role of atmospheric aging is 

provided in the Di Lorenzo et al. study itself, which showed that the contribution of high-

MW chromophores to overall BrC absorption increased with plume age; therein, the 

authors attributed this change to the in-plume (photo)oxidation and/or oligomerization of 

low-MW species.40 Since our BrC sample was collected immediately after its release 

from the combustion source, we would expect it to be less oxidized, more hydrophobic, 

and less depleted in low-MW chromophores than even the “freshest” BrC sample in the 

aforementioned work, all of which is consistent with our observations. To fully 

understand these differences, however, investigation of the aging behaviour of our 

specific BrC sample would be required. 

 

2.3.2.2. The apparent size of fresh BrC changes with mobile phase composition 

As shown in Figure 2.1, the elution profile of our fresh BrC sample is highly sensitive to 

changes in mobile phase composition; in addition, at 50% ACN, our sample exhibits two 

distinct size fractions, each with different light-absorbing properties. This compositional 

complexity is consistent with recent work by Spranger et al.,37 who used SEC coupled 

with reversed-phase HPLC to show that aqueous extracts of ambient PM collected from 

biomass burning-influenced regions vary in both molecular size and polarity. 

To further explore the compositional diversity of our BrC sample, we examined 

its elution behaviour as a function of mobile phase solvent strength. In these experiments, 

we employed a 50:50 mixture of 20 mM phosphate buffer and an organic modifier blend 

consisting of varying ratios of MeOH and ACN; the resulting BrC elution profiles are 

shown in Figure 2.3a. To quantify the relative contribution of the high-MW and low-

MW fractions described above to the total BrC absorption for each mobile phase 

composition, we integrated the absorbance values obtained for each fraction (see the 

Appendix A for details); these results are shown in Figure 2.3b. 

As the composition of the organic blend shifted from MeOH to ACN, the elution 

profile of BrC changed substantially. At 40% MeOH / 10% ACN, absorption by the low-

MW fraction was barely visible, and ~75% of the total absorption was contributed by the 

https://www.zotero.org/google-docs/?qZP5jb
https://www.zotero.org/google-docs/?FGyp2m
https://www.zotero.org/google-docs/?WN7ZL8
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high-MW fraction. As the ACN content of the organic blend increased, however, the 

absorption of the low-MW fraction became more apparent, especially around 250–300 

nm, and its contribution to the integrated absorbance increased significantly: at 0% 

MeOH / 50% ACN, for example, the low-MW fraction contributed nearly half of the total 

absorption. We note that the results obtained at 50% MeOH / 0% ACN diverged from 

this trend: under these conditions, the BrC sample exhibited the same delayed elution and 

“smeared” absorption profile observed at 25% ACN (see Section 2.3.2.1); as a result, the 

absorption contributed by the low-MW fraction was biased high. These results, which are 

unsurprising given the relative elution strengths of these solvents in reversed-phase 

partition chromatography (i.e., ACN > MeOH), suggest that MeOH is less effective than 

ACN at disrupting hydrophobic interactions between the sample and the column matrix. 

In principle, the increased contribution of the low-MW fraction to the total BrC 

absorption at higher ACN contents could reflect a change in column–analyte interactions. 

However, if these interactions were dominant here, we would have expected to see an 

increase in the high-MW fraction at elevated ACN/MeOH ratios as a result of 

suppression of hydrophobic adsorption, which is the opposite of what we observed. 

Instead, we attribute our observations to the disruption of weak intermolecular forces 

present in the large-MW BrC fraction, presumably resulting from changes in the relative 

strengths of solute–solute and solute–solvent interactions in mobile phases with different 

amounts of ACN and MeOH. Specifically, in the case of MeOH, which is both a 

hydrogen bond donor and acceptor, we suggest that the attractive forces between the BrC 

and the solvent are not strong enough to overcome the solvent–solvent hydrogen bonding 

network and the intermolecular forces between the BrC components. By contrast, 

because ACN is only a hydrogen bond acceptor, it weakens the solvent–solvent hydrogen 

bonding network; in addition, it can interact with π-electrons, thereby disrupting π-π 

interactions between BrC components.68  

 

https://www.zotero.org/google-docs/?pDfDLW
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Figure 2.3. BrC elution behaviour as a function of mobile phase solvent strength: a) absorption density 

plots and b) absorption contributed by low-MW BrC fractions, with the latter calculated as described in the 

Appendix A. Experiments were conducted under the following mobile phase organic modifier conditions: 

i) 50% MeOH / 0% ACN, ii) 40% MeOH / 10% ACN, iii) 25% MeOH / 25% ACN, iv) 0% MeOH / 50% 

ACN. In all cases, the remainder of the mobile phase was 20 mM phosphate buffer (pH 6.8). 

 

Our observations are consistent with two possible roles for ACN:  first, promoting 

the liberation of adsorbed smaller molecules from large molecules and/or stable 

aggregates; second, mediating the partial dissociation of labile aggregates. To investigate 

the importance of the second pathway, we examined our sample’s elution behavior at 

even higher ACN contents (>50%), which we anticipated would further disrupt the 

intermolecular forces between BrC components. As shown in Figure 2.4, at higher ACN 

contents, the BrC elution profile became narrower: specifically, as the ACN content 

increased and the ionic strength of the mobile phase correspondingly decreased, the high-

MW fraction tended to elute later, and the low-MW fraction tended to elute earlier. We 

attribute the early elution of the low-MW fraction at elevated ACN contents to further 

suppression of hydrophobic interactions between the sample and the column matrix. If 

the elution behaviour of the hig—MW fraction were dominated by hydrophobic 

interactions (or, alternatively, by either of ionic exclusion or intramolecular electrostatic 

repulsions), the high-MW fraction should also elute earlier at higher ACN contents; 

however, we observed the opposite trend. At 70% ACN, all BrC components eluted 

together with acetone at the total permeation volume (i.e., the lower-MW limit of the 

column separation), with the structured absorption still remaining as an overlay on the 
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broad, featureless absorption. These observations suggest that the high-MW fraction of 

the fresh BrC sample consists of aggregates susceptible to disruption by ACN; in 

addition, the preservation of this fraction’s broad, featureless absorption extending into 

the visible region indicates that this disaggregation process does not affect the sample’s 

chromophoric properties. 

 

 

 

Figure 2.4. BrC and SRHA elution behaviour as a function of mobile phase solvent strength: a–d) BrC 

absorption density plots and e–h) single-wavelength (300 nm) chromatograms (— SRHA, — acetone, — 

BrC). Experiments were conducted under the following mobile phase organic modifier conditions: 25% 

ACN (a, e), 50% ACN (b, f), 60% ACN (c, g), and 70% ACN (d, h). In all cases, the remainder of the 

mobile phase was 20 mM phosphate buffer (pH 6.8). 

 

To further verify this conclusion, we subjected SRHA to the same mobile phase 

protocol (Figure A.2). Previous studies36 have shown that humic materials consist of 

supramolecular associations of relatively small fractions connected by nonbonding 

intermolecular forces. Similar to the high-MW BrC fraction, SRHA eluted later and with 

a broader size distribution at higher ACN contents (Figure 2.4e–g), and co-eluted with 

https://www.zotero.org/google-docs/?ZV7u3V
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acetone at 70% ACN (Figure 2.4h), indicating dissociation of SRHA aggregates into 

smaller subunits. These observations support our characterization of the high-MW 

component of BrC as small BrC components held together via hydrophobic interactions. 

 

2.3.2.3. The apparent size of fresh BrC changes with mobile phase ionic strength  

Atmospheric PM spans a wide range of ionic strengths.69 In this context, we examined 

the elution behaviour of our BrC sample as a function of ionic strength of the phosphate 

buffer component of the SEC mobile phase. In these experiments, we used a 50:50 

mixture of buffer and an organic modifier (25% ACN / 25% MeOH), the latter of which 

we chose to minimize the influence of hydrophobic interactions between our samples and 

the column matrix, and varied the concentration of the buffer from 10 to 40 mM. 

As shown in Figure 2.5, the high-MW BrC fraction eluted later at 20 mM versus 

10 mM; the same delay was also observed for SRHA (Figure A.3). In  principle, ionic 

strength may have influenced the elution in two ways here: first, via suppressing 

electrostatic interactions between the column matrix and polar and charged functional 

groups (e.g., hydroxyl, carbonyl, amide)7 present in the BrC sample (i.e., ionic 

exclusion); second, via reducing intramolecular repulsions between these same charged 

functional groups, resulting in a more “compacted” molecule. Because both of these 

effects would delay elution, we cannot definitively distinguish between them. However, 

evidence supporting the existence of the second effect is provided by previous studies of 

humic substance conformation, which reported appreciable decreases in the size of humic 

aggregates at elevated ionic strengths.44,47 We also observed an enhanced absorption for 

the low-MW fraction at higher ionic strengths: in particular, as shown in Figure 2.5, the 

absorption at ~300 nm was higher in the presence of 20 mM buffer than in the presence 

of 10 mM buffer. As well, at 40 mM, the high-MW and low-MW fractions were no 

longer resolved. These results could be explained by a decrease in the hydrophobic 

sorption capacities of BrC aggregates at higher ionic strengths,70 leading to liberation of 

some absorbed low-MW BrC subunits. 
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Figure 2.5. Absorption density plots for fresh peat BrC as a function of mobile phase phosphate buffer 

concentration (i.e., ionic strength). Mobile phases were prepared using three concentrations of phosphate 

buffer (pH 6.8): a) 10 mM, b) 20 mM, c) 40 mM. In all cases, the mobile phase composition was 50% 

phosphate buffer, 25% MeOH, and 25% ACN. 

 

2.4. Conclusions and implications for analysis of complex 

atmospheric samples 

This study represents the first systematic investigation of the challenges and benefits 

associated with the application of HPLC-SEC-PDA to the characterization of 

atmospheric brown carbon (BrC), an important class of light-absorbing PM and the 

dominant contributor to the absorption profile of wildfire PM. In the following 

paragraphs, we highlight the implications of our results for SEC analysis of atmospheric 

samples and provide recommendations for future work in this area. 

A major conclusion of this study is that careful consideration of solvent–analyte 

interactions is crucial when identifying appropriate extraction and 

chromatographic/spectroscopic analysis conditions for natural samples. Previous work 

has shown that the composition of PM extracts can be influenced by reactions of specific 
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organic functional groups with sample extraction solvents (e.g., MeOH).71  Here, we 

show that organic solvents can influence BrC properties even without reacting directly 

with BrC components: in particular, we show that ACN not only mitigates hydrophobic 

interactions between BrC and the SEC column matrix but also disrupts metastable BrC 

aggregates, thereby leading to changes in measured BrC size distributions. This 

aggregation and dissociation behaviour could potentially contribute to discrepancies 

between MW values inferred from SEC and those determined using mass spectrometry 

for the same sample.38,39,46,72 

Importantly, and more broadly, our findings imply a need for caution when using 

chromatographic elution behaviour (e.g., in reversed phase HPLC) to make inferences 

regarding the hydrophobicity and other properties of BrC, as the relationship between 

retention time and mobile phase identity for a given BrC component may reflect both 

changes in its distribution constant and changes in its intrinsic properties. For example, 

increases in ACN mobile phase content (e.g., in gradient methods) could potentially lead 

not only to changes in partitioning behaviour but also to dissociation of BrC aggregates, 

with concomitant indirect changes in retention behaviour.  

Successful application of SEC to MW estimations of complex mixtures is a 

challenging task, as it requires both selection of calibration standards with comparable 

chemical and structural properties to the analytes of interest and careful consideration of 

biases resulting from differences in the magnitudes of secondary effects experienced by 

mixture components compared to the chosen calibrant suite. For example, previous 

studies applying SEC to analysis of atmospheric PM have employed both commercial 

macromolecules and atmospherically relevant small molecules (e.g., phenols and 

aromatic acids) for MW calibration.38,43,73,74 However, given that we would expect these 

calibrants to be differently susceptible to secondary effects than BrC, this strategy has the 

potential to lead to dramatic changes in estimated MWs with changing solvent 

composition. In the case of humic substances, these issues have occupied analytical 

chemists for decades.75 In the case of fresh BrC, which we show here is made up of 

components with a wide range of sizes, polarities, and susceptibility to conformational 

changes—and therefore subject to different secondary effects—achieving size-based 

separation of all BrC components at any single mobile phase composition, no matter how 

https://www.zotero.org/google-docs/?5SXCTE
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optimized, is likely an impossible task. This challenge has the potential to be especially 

important in cases where SEC is coupled with complementary techniques to investigate 

the chemical properties of specific analyte size fractions,37,73,74 as a given elution volume 

could potentially contain contributions not only from “ideal” analytes (i.e., those for 

which secondary interactions have been minimized) but also from many other analyte 

classes (e.g., higher-MW but more hydrophobic, smaller-MW but susceptible to 

intramolecular electrostatic repulsions). 

In this context, we suggest a more expansive approach to the SEC 

characterization of complex atmospheric mixtures, in which its apparent limitations are 

instead reconceptualized as advantages. For example, in this study, by subjecting our BrC 

sample to different mobile phase conditions, we were able to explore not only its 

molecular size but also its hydrophobicity, conformation, and intermolecular 

associations.36 This approach, which is analogous in some respects to the use of 

chromatographic retention behaviour to estimate the properties of single analytes (e.g., 

vapour pressure76 and KOW
77), could also be applied in other ways. For example, if 

coupled with refractive index detection, this strategy would enable the characterization of 

non-chromophoric PM components. In addition, the fluorescence detection approach 

described here could be expanded through the use of excitation–emission matrix 

analysis,64 which has the potential to aid in the chemical characterization of the organic 

fluorophores present in BrC fractions. More broadly, the investigation of mobile phase-

dependent sample behaviour has the potential to facilitate the prediction of analyte 

properties under the elevated organic content and ionic strength conditions characteristic 

of atmospheric PM, which are challenging and/or impossible to explore directly in the 

laboratory.  

 

  

https://www.zotero.org/google-docs/?39BsBy
https://www.zotero.org/google-docs/?TxF5Bu
https://www.zotero.org/google-docs/?Wvpmo0
https://www.zotero.org/google-docs/?7n1dWW
https://www.zotero.org/google-docs/?DxZosM


 
85 

2.5. References 

 

(1) T. C. Bond, D. G. Streets, K. F. Yarber, S. M. Nelson, J.-H. Woo and Z. Klimont, A 

technology-based global inventory of black and organic carbon emissions from 

combustion, J. Geophys. Res. Atmospheres, 2004, DOI:10.1029/2003JD003697.  

(2) G. R. van der Werf, J. T. Randerson, L. Giglio, G. J. Collatz, M. Mu, P. S. 

Kasibhatla, D. C. Morton, R. S. DeFries, Y. Jin and T. T. van Leeuwen, Global fire 

emissions and the contribution of deforestation, savanna, forest, agricultural, and 

peat fires (1997–2009), Atmospheric Chem. Phys., 2010, 10, 11707–11735. 

(3) IPCC, 2013: Climate Change 2013: The Physical Science Basis. Contribution of 

Working Group I to the Fifth Assessment Report of the Intergovernmental Panel on 

Climate Change [Stocker, T.F., D. Qin, G.-K. Plattner, M. Tignor, S.K. Allen, J. 

Boschung, A. Nauels, Y. Xia, V. Bex and P.M. Midgley (eds.)]. Cambridge 

University Press, Cambridge, United Kingdom and New York, NY, USA, 1535 pp. 

(4) D. Liu, C. He, J. P. Schwarz and X. Wang, Lifecycle of light-absorbing 

carbonaceous aerosols in the atmosphere, Npj Clim. Atmospheric Sci., 2020, 3, 1–

18. 

(5) T. C. Bond, S. J. Doherty, D. W. Fahey, P. M. Forster, T. Berntsen, B. J. DeAngelo, 

M. G. Flanner, S. Ghan, B. Kärcher, D. Koch, S. Kinne, Y. Kondo, P. K. Quinn, M. 

C. Sarofim, M. G. Schultz, M. Schulz, C. Venkataraman, H. Zhang, S. Zhang, N. 

Bellouin, S. K. Guttikunda, P. K. Hopke, M. Z. Jacobson, J. W. Kaiser, Z. Klimont, 

U. Lohmann, J. P. Schwarz, D. Shindell, T. Storelvmo, S. G. Warren and C. S. 

Zender, Bounding the role of black carbon in the climate system: A scientific 

assessment, J. Geophys. Res. Atmospheres, 2013, 118, 5380–5552. 

(6) M. O. Andreae and A. Gelencsér, Black carbon or brown carbon? The nature of 

light-absorbing carbonaceous aerosols, Atmospheric Chem. Phys., 2006, 6, 3131–

3148. 

(7) A. Laskin, J. Laskin and S. A. Nizkorodov, Chemistry of Atmospheric Brown 

Carbon, Chem. Rev., 2015, 115, 4335–4382. 

(8) G. Lin, J. E. Penner, M. G. Flanner, S. Sillman, L. Xu and C. Zhou, Radiative 

forcing of organic aerosol in the atmosphere and on snow: Effects of SOA and 

https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR


 
86 

brown carbon, J. Geophys. Res. Atmospheres, 2014, 119, 7453–7476. 

(9) R. Bahadur, P. S. Praveen, Y. Xu and V. Ramanathan, Solar absorption by 

elemental and brown carbon determined from spectral observations, Proc. Natl. 

Acad. Sci., 2012, 109, 17366–17371. 

(10) R. Saleh, From Measurements to Models: Toward Accurate Representation of 

Brown Carbon in Climate Calculations, Curr. Pollut. Rep., 2020, 6, 90–104. 

(11) M. H. Powelson, B. M. Espelien, L. N. Hawkins, M. M. Galloway and D. O. De 

Haan, Brown Carbon Formation by Aqueous-Phase Carbonyl Compound Reactions 

with Amines and Ammonium Sulfate, Environ. Sci. Technol., 2014, 48, 985–993. 

(12) H. A. Al-Abadleh, M. S. Rana, W. Mohammed and M. I. Guzman, Dark Iron-

Catalyzed Reactions in Acidic and Viscous Aerosol Systems Efficiently Form 

Secondary Brown Carbon, Environ. Sci. Technol., 2021, 55, 209–219. 

(13) S. M. Phillips and G. D. Smith, Light Absorption by Charge Transfer Complexes in 

Brown Carbon Aerosols, Environ. Sci. Technol. Lett., 2014, 1, 382–386. 

(14) A. Trofimova, R. F. Hems, T. Liu, J. P. D. Abbatt and E. G. Schnitzler, Contribution 

of Charge-Transfer Complexes to Absorptivity of Primary Brown Carbon Aerosol, 

ACS Earth Space Chem., 2019, 3, 1393–1401. 

(15) A. Laskin, P. Lin, J. Laskin, L. T. Fleming and S. Nizkorodov, in Multiphase 

Environmental Chemistry in the Atmosphere, American Chemical Society, 

Washington, D.C, 2018, vol. 1299, pp. 261–274. 

(16) R. F. Hems and J. P. D. Abbatt, Aqueous Phase Photo-oxidation of Brown Carbon 

Nitrophenols: Reaction Kinetics, Mechanism, and Evolution of Light Absorption, 

ACS Earth Space Chem., 2018, 2, 225–234. 

(17) S. Dasari, A. Andersson, S. Bikkina, H. Holmstrand, K. Budhavant, S. Satheesh, E. 

Asmi, J. Kesti, J. Backman, A. Salam, D. S. Bisht, S. Tiwari, Z. Hameed and Ö. 

Gustafsson, Photochemical degradation affects the light absorption of water-soluble 

brown carbon in the South Asian outflow, Sci. Adv., 2019, 5, eaau8066. 

(18) B. B. Palm, Q. Peng, C. D. Fredrickson, B. H. Lee, L. A. Garofalo, M. A. Pothier, S. 

M. Kreidenweis, D. K. Farmer, R. P. Pokhrel, Y. Shen, S. M. Murphy, W. Permar, 

L. Hu, T. L. Campos, S. R. Hall, K. Ullmann, X. Zhang, F. Flocke, E. V. Fischer 

and J. A. Thornton, Quantification of organic aerosol and brown carbon evolution in 

https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR


 
87 

fresh wildfire plumes, Proc. Natl. Acad. Sci., 2020, 117, 29469–29477. 

(19) L. T. Fleming, P. Lin, J. M. Roberts, V. Selimovic, R. Yokelson, J. Laskin, A. 

Laskin and S. A. Nizkorodov, Molecular composition and photochemical lifetimes 

of brown carbon chromophores in biomass burning organic aerosol, Atmospheric 

Chem. Phys., 2020, 20, 1105–1129. 

(20) H. Forrister, J. Liu, E. Scheuer, J. Dibb, L. Ziemba, K. L. Thornhill, B. Anderson, 

G. Diskin, A. E. Perring, J. P. Schwarz, P. Campuzano‐Jost, D. A. Day, B. B. Palm, 

J. L. Jimenez, A. Nenes and R. J. Weber, Evolution of brown carbon in wildfire 

plumes, Geophys. Res. Lett., 2015, 42, 4623–4630. 

(21) C. C. Hanes, X. Wang, P. Jain, M.-A. Parisien, J. M. Little and M. D. Flannigan, 

Fire-regime changes in Canada over the last half century, Can. J. For. Res., 2018, 

DOI:10.1139/cjfr-2018-0293. 

(22) X. Wang, D. K. Thompson, G. A. Marshall, C. Tymstra, R. Carr and M. D. 

Flannigan, Increasing frequency of extreme fire weather in Canada with climate 

change, Clim. Change, 2015, 130, 573–586. 

(23) IPCC, 2019: Climate Change and Land: an IPCC special report on climate change, 

desertification, land degradation, sustainable land management, food security, and 

greenhouse gas fluxes in terrestrial ecosystems [P.R. Shukla, J. Skea, E. Calvo 

Buendia, V. Masson-Delmotte, H.-O. Pörtner, D. C. Roberts, P. Zhai, R. Slade, S. 

Connors, R. van Diemen, M. Ferrat, E. Haughey, S. Luz, S. Neogi, M. Pathak, J. 

Petzold, J. Portugal Pereira, P. Vyas, E. Huntley, K. Kissick, M. Belkacemi, J. 

Malley, (eds.)]. In press. 

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

Molecular Characterization of Brown Carbon in Biomass Burning Aerosol Particles, 

Environ. Sci. Technol., 2016, 50, 11815–11824. 

(25) P. Lin, L. T. Fleming, S. A. Nizkorodov, J. Laskin and A. Laskin, Comprehensive 

Molecular Characterization of Atmospheric Brown Carbon by High Resolution 

Mass Spectrometry with Electrospray and Atmospheric Pressure Photoionization, 

Anal. Chem., 2018, 90, 12493–12502. 

(26) M. Claeys, R. Vermeylen, F. Yasmeen, Y. Gómez-González, X. Chi, W. Maenhaut, 

T. Mészáros and I . Salma, Chemical characterization of humic-like substances from 

https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR


 
88 

urban, rural and tropical biomass burning environments using liquid 

chromatography with U V/vis photodiode array detection and electrospray 

ionization mass spectrometry, Environ. C hem., 2012, 9, 273–284. 

(27) Y. Desyaterik, Y. Sun, X. Shen, T. Lee, X. Wang, T. Wang and J. L. Collett, 

Speciation of “brown” carbon in cloud water impacted by agricultural biomass 

burning in eastern China, J. Geophys. Res. Atmospheres, 2013, 118, 7389–7399. 

(28) P. Lin, N. Bluvshtein, Y. Rudich, S. A. Nizkorodov, J. Laskin and A. Laskin, 

Molecular Chemistry of Atmospheric Brown Carbon Inferred from a Nationwide 

Biomass Burning Event, Environ. Sci. Technol., 2017, 51, 11561–11570. 

(29) M. Xie, X. Chen, M. D. Hays and A. L. Holder, Composition and light absorption of 

N-containing aromatic compounds in organic aerosols from laboratory biomass 

burning, Atmospheric Chem. Phys., 2019, 19, 2899–2915. 

(30) K. Tang, J. S. Page and R. D. Smith, Charge Competition and the Linear Dynamic 

Range of Detection in Electrospray Ionization Mass Spectrometry, J. Am. Soc. Mass 

Spectrom., 2004, 15, 1416–1423. 

(31) C. Mohr, F. D. Lopez-Hilfiker, P. Zotter, A. S. H. Prévôt, L. Xu, N. L. Ng, S. C. 

Herndon, L. R. Williams, J. P. Franklin, M. S. Zahniser, D. R. Worsnop, W. B. 

Knighton, A. C. Aiken, K. J. Gorkowski, M. K. Dubey, J. D. Allan and J. A. 

Thornton, Contribution of Nitrated Phenols to Wood Burning Brown Carbon Light 

Absorption in Detling, United Kingdom during Winter Time, Environ. Sci. 

Technol., 2013, 47, 6316–6324. 

(32) T. Reemtsma and A. These, On-line Coupling of Size Exclusion Chromatography 

with Electrospray Ionization-Tandem Mass Spectrometry for the Analysis of 

Aquatic Fulvic and Humic Acids, Anal. Chem., 2003, 75, 1500–1507. 

(33) A. Gaspar, E. V. Kunenkov, R. Lock, M. Desor, I. Perminova and P. Schmitt‐

Kopplin, Combined utilization of ion mobility and ultra-high-resolution mass 

spectrometry to identify multiply charged constituents in natural organic matter, 

Rapid Commun. Mass Spectrom., 2009, 23, 683–688. 

(34) S. Mori and H. G. Barth, Size Exclusion Chromatography, Springer Science & 

Business Media, 2013. 

(35) B. C. McAdams, G. R. Aiken, D. M. McKnight, W. A. Arnold and Y.-P. Chin, High 

https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR


 
89 

Pressure Size Exclusion Chromatography (HPSEC) Determination of Dissolved 

Organic Matter Molecular Weight Revisited: Accounting for Changes in Stationary 

Phases, Analytical Standards, and Isolation Methods, Environ. Sci. Technol., 2018, 

52, 722–730. 

(36) A. Piccolo, The supramolecular structure of humic substance, Soil Sci., 2001, 166, 

810–832. 

(37) T. Spranger, D. van Pinxteren and H. Herrmann, Atmospheric “HULIS” in Different 

Environments: Polarities, Molecular Sizes, and Sources Suggest More Than 50% 

Are Not “Humic-like”, ACS Earth Space Chem., 2020, 4, 272–282. 

(38) V. Samburova, R. Zenobi and M. Kalberer, Characterization of high molecular 

weight compounds in urban atmospheric particles, Atmospheric Chem. Phys., 2005, 

5, 2163–2170. 

(39) R. A. Di Lorenzo and C. J. Young, Size separation method for absorption 

characterization in brown carbon: Application to an aged biomass burning sample, 

Geophys. Res. Lett., 43, 458–465. 

(40) R. A. Di Lorenzo, R. A. Washenfelder, A. R. Attwood, H. Guo, L. Xu, N. L. Ng, R. 

J. Weber, K. Baumann, E. Edgerton and C. J. Young, Molecular-Size-Separated 

Brown Carbon Absorption for Biomass-Burning Aerosol at Multiple Field Sites, 

Environ. Sci. Technol., 2017, 51, 3128–3137. 

(41) R. A. Di Lorenzo, B. K. Place, T. C. VandenBoer and C. J. Young, Composition of 

Size-Resolved Aged Boreal Fire Aerosols: Brown Carbon, Biomass Burning 

Tracers, and Reduced Nitrogen, ACS Earth Space Chem., 2018, 2, 278–285. 

(42) J. P. S. Wong, A. Nenes and R. J. Weber, Changes in Light Absorptivity of 

Molecular Weight Separated Brown Carbon Due to Photolytic Aging, Environ. Sci. 

Technol., 2017, 51, 8414–8421. 

(43) J. P. S. Wong, M. Tsagkaraki, I. Tsiodra, N. Mihalopoulos, K. Violaki, M. 

Kanakidou, J. Sciare, A. Nenes and R. J. Weber, Atmospheric evolution of 

molecular-weight-separated brown carbon from biomass burning, Atmospheric 

Chem. Phys., 2019, 19, 7319–7334. 

(44) H. D. Haan, R. I. Jones and K. Salonen, Does ionic strength affect the configuration 

of aquatic humic substances, as indicated by gel filtration?, Freshw. Biol., 1987, 17, 

https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR


 
90 

453–459. 

(45) Y. Wang, C.-A. Chiu, P. Westerhoff, K. T. Valsaraj and P. Herckes, 

Characterization of atmospheric organic matter using size-exclusion 

chromatography with inline organic carbon detection, Atmos. Environ., 2013, 68, 

326–332. 

(46) Z. Krivácsy, G. Kiss, B. Varga, I. Galambos, Z. Sárvári, A. Gelencsér, Á. Molnár, 

S. Fuzzi, M. C. Facchini, S. Zappoli, A. Andracchio, T. Alsberg, H. C. Hansson and 

L. Persson, Study of humic-like substances in fog and interstitial aerosol by size-

exclusion chromatography and capillary electrophoresis, Atmos. Environ., 2000, 34, 

4273–4281. 

(47) P. Conte and A. Piccolo, Conformational Arrangement of Dissolved Humic 

Substances. Influence of Solution Composition on Association of Humic Molecules, 

Environ. Sci. Technol., 1999, 33, 1682–1690. 

(48) R. Baigorri, M. Fuentes, G. González-Gaitano and J. M. García-Mina, Analysis of 

molecular aggregation in humic substances in solution, Colloids Surf. Physicochem. 

Eng. Asp., 2007, 302, 301–306. 

(49) O. B. Popovicheva, G. Engling, I.-T. Ku, M. A. Timofeev and N. K. Shonija, 

Aerosol Emissions from Long-lasting Smoldering of Boreal Peatlands: Chemical 

Composition, Markers, and Microstructure, Aerosol Air Qual. Res., 2019, 19, 484–

503. 

(50) R. K. Chakrabarty, M. Gyawali, R. L. N. Yatavelli, A. Pandey, A. C. Watts, J. 

Knue, L.-W. A. Chen, R. R. Pattison, A. Tsibart, V. Samburova and H. Moosmüller, 

Brown carbon aerosols from burning of boreal peatlands: microphysical properties, 

emission factors, and implications for direct radiative forcing, Atmos Chem Phys, 

2016, 16, 3033–3040. 

(51) M. E. Schimpf, K. Caldwell and J. C. Giddings, Field-Flow Fractionation 

Handbook, John Wiley & Sons, New York, 2000. 

(52) C. Guéguen and C. W. Cuss, Characterization of aquatic dissolved organic matter 

by asymmetrical flow field-flow fractionation coupled to UV–Visible diode array 

and excitation emission matrix fluorescence, J. Chromatogr. A, 2011, 1218, 4188–

4198. 

https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR


 
91 

(53) C. W. Cuss, I. Grant-Weaver and W. Shotyk, AF4-ICPMS with the 300 Da 

Membrane To Resolve Metal-Bearing “Colloids” < 1 kDa: Optimization, 

Fractogram Deconvolution, and Advanced Quality Control, Anal. Chem., 2017, 89, 

8027–8035. 

(54) S. L. Wilkinson, P. A. Moore, M. D. Flannigan, B. M. Wotton and J. M. 

Waddington, Did enhanced afforestation cause high severity peat burn in the Fort 

McMurray Horse River wildfire, Environ. Res. Lett., 2018, 13, 014018. 

(55) M. Lyu, C. J. Young, D. K. Thompson and S. A. Styler, Laboratory combustion 

experiments performed in Summer 2018, unpublished work. 

(56) R. J. Yokelson, D. W. T. Griffith and D. E. Ward, Open-path Fourier transform 

infrared studies of large-scale laboratory biomass fires, J. Geophys. Res. 

Atmospheres, 1996, 101, 21067–21080. 

(57) Y. Hu, N. Fernandez-Anez, T. E. L. Smith and G. Rein, Review of emissions from 

smouldering peat fires and their contribution to regional haze episodes, Int. J. 

Wildland Fire, 2018, 27, 293–312. 

(58) A. Sorooshian, F. J. Brechtel, Y. Ma, R. J. Weber, A. Corless, R. C. Flagan and J. 

H. Seinfeld, Modeling and Characterization of a Particle-into-Liquid Sampler 

(PILS), Aerosol Sci. Technol., 2006, 40, 396–409. 

(59) Q. Zhou, S. E. Cabaniss and P. A. Maurice, Considerations in the use of high-

pressure size exclusion chromatography (HPSEC) for determining molecular 

weights of aquatic humic substances, Water Res., 2000, 34, 3505–3514. 

(60) C. M. Carrico, M. D. Petters, S. M. Kreidenweis, A. P. Sullivan, G. R. McMeeking, 

E. J. T. Levin, G. Engling, W. C. Malm and J. L. J. Collett, Water uptake and 

chemical composition of fresh aerosols generated in open burning of biomass, 

Atmospheric Chem. Phys., 2010, 10, 5165–5178. 

(61) J. Chen, S. H. Budisulistiorini, M. Itoh, W.-C. Lee, T. Miyakawa, Y. Komazaki, L. 

D. Q. Yang and M. Kuwata, Water uptake by fresh Indonesian peat burning 

particles is limited by water-soluble organic matter, Atmospheric Chem. Phys., 

2017, 17, 11591–11604. 

(62) P. G. Coble, Characterization of marine and terrestrial DOM in seawater using 

excitation-emission matrix spectroscopy, Mar. Chem., 1996, 51, 325–346. 

https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR


 
92 

(63) N. Maie, N. M. Scully, O. Pisani and R. Jaffé, Composition of a protein-like 

fluorophore of dissolved organic matter in coastal wetland and estuarine 

ecosystems, Water Res., 2007, 41, 563–570. 

(64) Q. Chen, Y. Miyazaki, K. Kawamura, K. Matsumoto, S. Coburn, R. Volkamer, Y. 

Iwamoto, S. Kagami, Y. Deng, S. Ogawa, S. Ramasamy, S. Kato, A. Ida, Y. Kajii 

and M. Mochida, Characterization of Chromophoric Water-Soluble Organic Matter 

in Urban, Forest, and Marine Aerosols by HR-ToF-AMS Analysis and Excitation–

Emission Matrix Spectroscopy, Environ. Sci. Technol., 2016, 50, 10351–10360. 

(65) Y. Fujii, S. Tohno, K. Ikeda, M. Mahmud and N. Takenaka, A preliminary study on 

humic-like substances in particulate matter in Malaysia influenced by Indonesian 

peatland fires, Sci. Total Environ., 2021, 753, 142009. 

(66) A. E. Perring, J. P. Schwarz, M. Z. Markovic, D. W. Fahey, J. L. Jimenez, P. 

Campuzano‐Jost, B. D. Palm, A. Wisthaler, T. Mikoviny, G. Diskin, G. Sachse, L. 

Ziemba, B. Anderson, T. Shingler, E. Crosbie, A. Sorooshian, R. Yokelson and R.-

S. Gao, In situ measurements of water uptake by black carbon-containing aerosol in 

wildfire plumes, J. Geophys. Res. Atmospheres, 2017, 122, 1086–1097. 

(67) M. Martin, T. Tritscher, Z. Jurányi, M. F. Heringa, B. Sierau, E. Weingartner, R. 

Chirico, M. Gysel, A. S. H. Prévôt, U. Baltensperger and U. Lohmann, Hygroscopic 

properties of fresh and aged wood burning particles, J. Aerosol Sci., 2013, 56, 15–

29. 

(68) M. Yang, S. Fazio, D. Munch and P. Drumm, Impact of methanol and acetonitrile 

on separations based on π–π interactions with a reversed-phase phenyl column, J. 

Chromatogr. A, 2005, 1097, 124–129. 

(69) H. Herrmann, T. Schaefer, A. Tilgner, S. A. Styler, C. Weller, M. Teich and T. Otto, 

Tropospheric Aqueous-Phase Chemistry: Kinetics, Mechanisms, and Its Coupling to 

a Changing Gas Phase, Chem. Rev., 2015, 115, 4259–4334. 

(70) C.-L. Lee, L.-J. Kuo, H.-L. Wang and P.-C. Hsieh, Effects of ionic strength on the 

binding of phenanthrene and pyrene to humic substances: three-stage variation 

model, Water Res., 2003, 37, 4250–4258. 

(71) A. P. Bateman, M. L. Walser, Y. Desyaterik, J. Laskin, A. Laskin and S. A. 

Nizkorodov, The effect of solvent on the analysis of secondary organic aerosol 

https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR


 
93 

using electrospray ionization mass spectrometry, Environ. Sci. Technol., 2008, 42, 

7341–7346. 

(72) V. Samburova, S. Szidat, C. Hueglin, R. Fisseha, U. Baltensperger, R. Zenobi and 

M. Kalberer, Seasonal variation of high-molecular-weight compounds in the water-

soluble fraction of organic urban aerosols, J. Geophys. Res. Atmospheres, 2005, 

DOI:10.1029/2005JD005910. 

(73) A. P. Sullivan and R. J. Weber, Chemical characterization of the ambient organic 

aerosol soluble in water: 2. Isolation of acid, neutral, and basic fractions by 

modified size-exclusion chromatography, J. Geophys. Res. Atmospheres, 2006, 

DOI:10.1029/2005JD006486. 

(74) T. Spranger, D. van Pinxteren and H. Herrmann, Two-Dimensional Offline 

Chromatographic Fractionation for the Characterization of Humic-Like Substances 

in Atmospheric Aerosol Particles, Environ. Sci. Technol., 2017, 51, 5061–5070. 

(75) M. De Nobili and Y. Chen, Size Exclusion Chromatography of Humic Substances: 

Limits, Perspectives and Prospectives, Soil Sci., 1999, 164, 825–833. 

(76) B. Koutek, T. Mahnel, P. Šimáček, M. Fulem and K. Růžička, Extracting Vapor 

Pressure Data from GLC Retention Times. Part 1: Analysis of Single Reference 

Approach, J. Chem. Eng. Data, 2017, 62, 3542–3550. 

(77) R. Hackenberg, A. Schütz and K. Ballschmiter, High-Resolution Gas 

Chromatography Retention Data as Basis for the Estimation of Kow Values Using 

PCB Congeners as Secondary Standards, Environ. Sci. Technol., 2003, 37, 2274–

2279. 

 

  

https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR
https://www.zotero.org/google-docs/?r3MrnR


 
94 

Chapter 3  
 

Influence of fuel properties on the light absorption of 

fresh and laboratory-aged atmospheric brown carbon 

produced from realistic combustion of boreal peat   
 

 

3.1. Introduction  

Peatlands, a type of wetland composed of accumulated peat soils formed via plant 

decomposition, are the world’s largest terrestrial carbon pool.1 Peatland ecosystems play 

an important role in regulating global climate through the sequestration and release of 

methane and carbon dioxide, the two most important greenhouse gases.2 Although 

peatlands are globally distributed, ~80% are found in the boreal region.3 Since the 1950s, 

the annual area burned in boreal Canada has increased from approximately 1 Mha y-1 to 

over 3 Mha y-1, primarily through increased area burned in lightning-caused fires.4 

Larger, more intense fires, which are responsible for ∼97% of the total area burned,4 

have precipitated widespread smoldering combustion of peatlands.5 The smoldering fires 

in peatland, which persist under low-temperature and low-oxygen conditions and are 

usually associated with more carbon emissions than fully developed (i.e., flaming) 

wildfires, can last from days to weeks6 or even months.7 Estimates from satellite 

observations coupled to atmospheric chemistry models suggest that boreal peatland 

smoldering contributed one third of wildfire emissions in central Canada, despite 

covering only 17% of the burned area.8 These emissions, which contain higher amounts 

of polycyclic aromatic hydrocarbons (PAHs), reduced carbon (e.g., CH4), and light-

absorbing particulate matter (PM)9,10 than other types of wildfires, could potentially result 

in correspondingly greater health and climate impacts.  

Brown carbon (BrC) makes up the majority of the light-absorbing PM in wildfire 

emissions. Its light absorption is strongly wavelength-dependent, with absorption 

efficiency decreasing sharply from the UV to the visible. BrC light absorption can 

counteract the scattering (i.e., cooling) effect of aerosols and can perturb the radiative 

budget, particularly in fire-prone regions. 6,11 However, accurately capturing its net 
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radiative impact represents one of the greatest challenges in climate models, because its 

chemical composition and aging mechanisms are both complex and poorly understood.12 

In addition, laboratory studies and field measurements have shown that the composition 

and the optical properties of combustion-derived BrC vary significantly with fuel 

type.11,13 For example, high-resolution mass spectrometric characterization studies have 

shown that BrC chromophores from peat combustion are less oxidized, more 

hydrophobic, and more aromatic than those produced from combustion of grass and 

wood.11,14,15 In addition, light absorption by boreal peat combustion PM displays a 

stronger wavelength dependence and a correspondingly higher absorption Ångstrom 

exponent (405–532 nm) than that by tree duff combustion PM.16,17  

The diversity of BrC chromophores generated by biomass burning likely reflects 

the complexity of the combustion process itself. For example, combustion conditions 

have been shown to have a significant effect on smoke composition, with higher 

combustion efficiencies leading to higher PM oxygenation levels18 and higher PAH 

emission factors.19 Even within a single combustion, the composition (e.g., organic 

carbon/elemental carbon ratio) and the overall light-absorbing properties of emitted PM 

change among different burning phases.20,21  For biomass burning BrC, the situation is 

further complicated by the fact that the combustion process is highly dependent on fuel 

properties, such as fuel type and moisture content. 

The composition of peat itself varies from location to location, and this variability 

can lead to differences in fire emission composition.22 Even in a single location, the peat 

composition changes substantially with depth23 due to the changing degree of plant 

residue decomposition,24 which results in additional compositional variation. For 

example, peat from deeper layers has lower O/C and H/C ratios23 and higher bulk 

densities25 than near-surface peat. Consequently, the depth of burn during a typical 

wildfire could lead to emissions from materials as varied as surface moss to deep peat 

mud, leading to different burning conditions and to corresponding variation in the 

composition of fire emissions. However, to date, the effect of peat burn depth on BrC 

composition and light absorption properties has not been comprehensively explored. 

Peatland moisture content varies with location and season/drought.26,27 Although 

the wettest conditions will not support peat ignition, peat with moisture contents up to 
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1.60 g water g–1 dry mass can still initiate smoldering.27  This wide range of fuel 

conditions could conceivably have a major influence on the physical and chemical 

properties of emitted PM;23 however, laboratory studies of wildfire BrC emissions to date 

have largely been performed using rapidly lab-dried samples and lower-intensity point 

ignition heat sources.28  Although this may represent a reasonable approximation for fuels 

typical of the western United States or Australia, which often experience severe drought, 

the same is likely not true in peatland environments, which have high water retention 

capacities.29,30  

In this study, we addressed these knowledge gaps through the systematic study of 

the light-absorbing properties of BrC emitted from the laboratory combustion of peat 

samples collected in Northern Alberta, Canada. In particular, we segmented the peat 

samples by depth and subjected each layer to different drying procedures, which allowed 

us to investigate the effects of peat moisture content and depth (i.e., bulk density) on the 

light-absorbing properties of BrC for the first time. To further explore the effect of fuel 

type, we also analyzed BrC produced from combustion of spruce foliage, another 

common boreal forest fuel. Finally, we examined the effect of simulated atmospheric 

photoaging on BrC light absorption, thus providing a unique and comprehensive 

understanding of the properties of BrC from different sources over their atmospheric 

lifetimes.  

 

3.2. Experimental section  

3.2.1. Biomass collection, treatment, and physical characterization 

Boreal peat was collected in the traditional territory of the Bigstone Cree Nation (Calling 

Lake, northern Alberta, Canada; 55.092, -113.272) in June 2018. Each peat sample (n = 

3)  was collected from the ground surface to ~40 cm in order to capture all but the most 

extreme depth of burn (~50 cm) of boreal peatland during wildfires;31 samples were 

transported and stored in sealed polypropylene containers to limit water loss during 

transport. White spruce needles were collected at the Northern Forestry Centre (Canadian 

Forest Service, Natural Resources Canada; Edmonton, Alberta) arboretum in July 2018.  

After collection, the three boreal peat samples were subjected to three different 

storage/drying protocols: the first sample was left covered to limit drying between the 
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sample collection date and the burn date; the second and third samples were left 

uncovered and were air dried in their containers at 40°C for 7 and 14 days, respectively. 

Prior to combustion, each sample was segmented by depth (surface layer, 0–5 cm; middle 

layer, 10–15 cm; and bottom layer, 25–30 cm).  

Portions of each sample layer (three drying protocols, three layers; n = 9 in total) 

were reserved for determination of moisture content and bulk density. Since these 

measurements are both destructive, they were performed using material (5 cm deep, 25 

cm2) directly horizontally adjacent to that used for burning, with the moisture analysis 

conducted just prior to the start of each day’s burning. Peat subsamples were weighed, 

dried at 65°C to a constant dry mass (~3–4 days), and reweighed; these data were used to 

calculate the gravimetric (mass of water per unit mass of dry peat, g water⋅g–1 peat) 

moisture content and bulk density (dry peat mass per sample volume, g⋅cm–3) for each 

sample.32 

 

3.2.2. Biomass combustion and BrC collection 

Biomass burning PM was generated from the peat and spruce needle samples described 

above at the laboratory combustion facility located in the Northern Forestry Centre. A 

schematic of the PM generation and sampling system is shown in Figure B.1. The peat 

sample was combusted on a data-logging load cell, which enabled the mass loss of peat 

during combustion to be determined. The peat sample was ignited by placing a quartz 

tube infrared electric heater (210 V, 1000 W; Re-Verber-Ray BAH-25) operating at 

~800°C over it for 1 min.  

Real‐time measurements of CO2 and CO mixing ratios in the smoke were made at 

2 s resolution using two commercial gas analyzers (CO, ULTRAMAT 23, Siemens; CO2, 

ULTRAMAT 6, Siemens). The measurement inlet was located at the intake of the 

overhead exhaust, 3 m above the combustion platform. These measurements were used to 

determine the modified combustion efficiency (MCE) for each combustion, which is 

calculated as follows, where ΔCO2 and ΔCO represent the increase in the mixing ratios of 

these gases above ambient background levels:33  

MCE = ΔCO2 / (ΔCO2 + ΔCO)             (1) 

https://www.zotero.org/google-docs/?5YAn0G
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As described in Chapter 2, which focused on the development of the analytical 

approaches employed here, PM samples were collected for offline analysis using a 

particle-into-liquid sampler (PILS; Model 4001, Brechtel) system equipped with a PM2.5 

inlet and a volatile organic compound (VOC) denuder. The PILS volumetric sampling 

rate was 13.5–13.7 LPM; the deionized water wash flow, which transfers water-soluble 

PM components from the PILS impactor plate to collection vials, was 0.42–0.46 

mL·min–1.  

 

3.2.3.   BrC characterization 

The size-dependent light absorption properties of BrC samples (collected via PILS, as 

described in Section 3.2.2) were determined using size-exclusion chromatography 

coupled with photodiode array UV-Vis detection (SEC-PDA), detailed method 

development for which was presented in Lyu et al.34 Briefly, analyses were conducted 

using a high-performance liquid chromatography (HPLC-PDA; Agilent 1100) system 

equipped with an aqueous gel filtration column (Polysep GFC P‐3000, Phenomenex). 

The mobile phase consisted of equal volumes of phosphate buffer (20 mM, pH 6.8) and 

organic modifier mix (acetonitrile [ACN] and/or methanol [MeOH]). All separations 

were performed under isocratic conditions and at mobile phase volumetric flow rates of 

either 1.0 mL min–1 (25% ACN, 25% MeOH; 50% ACN) or 0.8 mL min–1 (50% MeOH; 

40 MeOH%, 10% ACN), with the flow rate chosen based on the mobile phase organic 

modifier mix composition to avoid overpressure of the column. BrC samples were diluted 

(×3) with deionized water (18 MΩ) and filtered (PTFE, 0.2 μm, 13 mm, Fisherbrand 

Basix) prior to analysis. The injection volume was 25 µL for all samples. 

 

3.2.4.  Aqueous photoaging experiments 

To explore the influence of atmospheric aging on the absorption properties of the samples 

collected in this study, we also illuminated aqueous extracts (0.6 mL, diluted and filtered 

as described in Section 3.2.3) using a solar simulator (Abet Technologies SunLite™) 

prior to SEC-PDA analysis. Samples were illuminated for time periods ranging from 1–

48 h; at each timepoint, 50 µL aliquots were removed for offline SEC-PDA analysis. For 

https://www.zotero.org/google-docs/?Nt0jkc
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comparison purposes, we also illuminated filtered SRHA solutions using the same 

experimental protocol. 

Samples were illuminated in our custom-built multi-sample photoreactor.35 

Samples were stirred for the duration of illumination, and sample temperature was 

controlled at 20 ± 2 ℃. The photoreactor photon flux and spatial uniformity of 

illumination were assessed using chemical actinometry of 2‑nitrobenzaldehyde; under our 

experimental conditions, J2-NB was (2.80 ± 0.07) × 10–3 s–1.35  

 

3.3. Results and discussion 

3.3.1. The size-dependent light absorption of BrC changes with peat 

properties 

To investigate the influence of peat composition and moisture content on the light-

absorbing characteristics of boreal wildfire PM, we used SEC-PDA to analyze aqueous 

extracts of BrC produced by combustion of peat samples from three different depths and 

subjected to three different drying/storage protocols (see Section 3.2.1 for sample 

preparation details).  

As shown by the absorption density plots in Figure B. 2, the BrC chromophores 

present in all nine PM samples fall into two distinct fractions: first, high-MW (HMW) 

components with featureless “humic-like” absorption;36 and second, low-MW (LMW) 

components with structured absorption. The HMW fraction can be further divided into 

two sub-fractions, which we refer to here as HMW1 (earlier-eluting) and HMW2 (later-

eluting). These results agree with our recent companion study, in which we characterized 

a single BrC sample produced by the combustion of a surface peat sample held at its field 

moisture content.34 In addition, these light-absorbing characteristics are similar for all 

BrC samples generated from peat combustion, regardless of their moisture content and 

depth, highlighting that this absorption profile is a general property of BrC emitted from 

this biomass source, rather than specific to the peat surface layer. Interestingly, despite 

these commonalities, the relative abundance of the HMW and LMW BrC chromophores 

varies substantially from sample to sample. Specifically, as shown in Figure 3.1a, the 

contribution of LMW chromophores to total BrC absorption is larger for peat samples 

https://www.zotero.org/google-docs/?QzwWDx
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subjected to extensive drying than for samples stored at field moisture conditions. In 

contrast, the BrC absorption contribution from different size fractions does not display a 

clear dependence on sampling depth. Given the overall variability in our data, we 

speculate that the combustion products for each burn were controlled by a complex range 

of factors, including peat density (i.e., depth), composition, and moisture content.  

In order to quantitatively capture the variation between different BrC samples, 

and thereby uncover correlations between the light-absorbing properties of peat BrC and 

combustion conditions, we examined the contribution of LMW chromophores to total 

BrC absorption as a function of modified combustion efficiency (MCE), a metric 

commonly used to quantitate the extent of combustion completeness. As shown in Figure 

3.1b, the combustions exhibit a wide range of MCE values, from the smoldering-

dominant phase (MCE < 0.8)37 to the flaming-dominant phase (MCE > 0.95),38 and the 

absorption contributed by the LMW fraction is generally higher at higher MCE values. 

This correlation is reasonable, since we would expect lower combustion efficiencies to be 

associated with incomplete breakdown of fuel materials and correspondingly fewer LMW 

species in the fire emissions.  

One potential explanation for the scatter in our data is related to the fact that both 

MCE and the BrC absorption values are integrated rather than instantaneous values. 

Specifically, the MCE values used in Figure 3.1 are the average values over the duration 

of each BrC sampling period (the first 3.5 min of each combustion), and therefore include 

the possible flaming phase during the ignition stage (< 1 min). For each combustion, the 

MCE changed dynamically over this timescale, with different trends among different peat 

combustion experiments (Figure B.3). This variability indicates varying combustion 

conditions—and, we infer, varying BrC composition. Averaging the MCE values, which 

was necessitated by the fact that the BrC analyzed is an integrated sample collected from 

the duration of the burning period, could therefore mask the differences in the 

combustion conditions between different burns. 

MCE is highly dependent on fuel properties, such as fuel density and moisture 

content.18,39 These controlling factors are different for each combustion, resulting in large 

sample-to-sample variation in MCE values. To better understand these relationships, we 

plotted the fire-integrated MCE as a function of peat properties for all of our 

https://www.zotero.org/google-docs/?u7bkr1
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experimental replicates.  At similar bulk densities, the average MCE decreases with peat 

moisture content (Figure B.4). This is consistent with previous studies of combustion of 

pine needles and eucalyptus foliage, which observed drastic decreases in MCE at 

elevated fuel moisture contents.40,41 One of the reasons for this is that the energy loss 

associated with removal of water in the fuel can reduce the combustion temperature and 

reaction rate,32 resulting in lower combustion efficiency and thus an less efficient 

decomposition of fuel materials. This explanation matches our finding that the 

contribution of the LMW fraction to total BrC absorption is lower at higher peat moisture 

contents (Figure 3.1c). Lower combustion temperatures are also associated with 

decreased emission of highly oxygenated species, which are important for the secondary 

formation of high-molecular-weight species;37,42,38 this could also account for the smaller 

absorption contributions from LMW chromophores at higher peat moisture contents.  

To conclude, combustion is a complex process that is controlled by many factors. 

Although MCE is useful, it is not without limitations. Combustion efficiency of a simple 

fuel (e.g., coal, flue gas) can be defined in different ways: it can be either calculated in 

terms of thermal conversion efficiency (actual heat release / theoretical heat release)43 or 

analyzed as carbon conversion efficiency (mass of carbon of CO2 produced by 

combustion / mass of carbon of the fuel).44 In the forest fire studies, proportion of CO2 in 

the total emitted carbon (i.e., the MCE) are commonly used as a proxy to reflect the fire 

behaviours. However, since all but the simplest fuels produce products other than CO and 

CO2 (e.g., VOCs, PM), MCE can’t fully represent the combustion efficiency. 

Previous studies have acknowledged that that MCE values are not always 

sufficient to capture the combustion conditions and serve as a universal indicator for the 

combustion phase: for example, the MCE loses its accuracy in defining smoldering and 

flaming combustion at high fuel moisture contents.27 In this work, fuel composition and 

structure (e.g., porosity, packing density)23 could also affect the combustion conditions 

and, by extension, the BrC composition. In addition, MCE is not always the best 

predictor of aerosol optical properties.45,46 To draw better correlations of chemical 

composition and light absorbing properties with combustion conditions, these factors 

need to be systematically studied with a larger number of samples and experiments. 
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Figure 3.1. a) BrC generated from combustion of peat collected at 3 sampling depths (surface, middle and 

bottom) and subjected to 3 drying protocols (1: field moisture content; 2 and 3: drying at 40 ℃ for 7 and 14 

days, respectively), showing absorption contributed by fractions with different molecular weights: high 

MW (HMW1, earlier-eluting; HMW2, later-eluting) and low MW (LMW);bars with red borders indicate 

data for this sample are average value of replicates; b) and c) absorption contributed by the low-MW 

fraction as a function of MCE and peat moisture content, respectively. The mobile phase for all analyses 

consisted of 50% ACN and 50% 20 mM phosphate buffer (pH 6.8); absorption was integrated from either 

220–500 nm (HMW1, HMW2) or 220–400 nm (LMW). 

 

3.3.2. The size-dependent light absorption of BrC changes with fuel type 

Boreal forests contain a wide range of fuel types in addition to peat, including forest 

floor, understory, and crown. Almost three quarters of crown fuel weight consists of live 

needle foliage,47 which is highly flammable once moderate-intensity surface fires in the 

forest floor and understory develop.48 To investigate the effect of fuel type on the light 

absorption of BrC emitted by boreal wildfires, we also analyzed aqueous extracts of BrC 

collected from combustion of needle litter from white spruce, a common conifer species 

in Canadian boreal forests49 that is a primary component of mature conifer forests that 

form the bulk of burned area in Canada. In the following discussion, we compare the 

SEC elution behavior of these samples (here referred to as “spruce-BrC”) with those 

https://www.zotero.org/google-docs/?eOZlSR
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collected from peat combustion (referred to as “peat-BrC”) at a series of mobile phase 

compositions.  

As shown by the absorption density plots in Figure 3.2a, the light-absorbing 

characteristics of spruce-BrC are very different from those of peat-BrC. First, whereas 

both HMW and LMW chromophores make significant contributions to the light 

absorption of peat-BrC, LMW chromophores contribute nearly 80% of the total 

absorption of spruce-BrC. Second, whereas the LMW fraction of peat-BrC eluted as 

multiple peaks over a wide time range, the LMW fraction of spruce-BrC eluted as a 

single relatively narrow peak, indicating that the composition of BrC from spruce needle 

combustion is less diverse in molecular size and/or polarity.  

The different contributions of the HMW fractions of the two BrC types could in 

principle arise from differences in burning conditions, as gas- and particle-phase 

emissions from solid fuel combustion are known to vary with combustion efficiency (see 

Section 3.3.1). However, the MCE ranges for peat and spruce combustion overlap 

(Figure B.3); in addition, as described above, the MCE is an imperfect measure of 

combustion phase. It is more likely, therefore, that these differences primarily reflect 

differences in the fuel materials themselves.  

The formation of macromolecules (e.g., HULIS) in fire smoke can begin with 

PAH, which can oligomerize via overlapping of π-orbitals.50 Studies of fuel pyrolysis 

have shown that low-temperature pyrolysis results in a VOC emission profile enriched in 

aromatic oxygenates, whereas high-temperature pyrolysis emissions are dominated by 

PAHs.51 In addition, peat combustion has been shown to emit much more gas- and 

particle-phase PAHs than branch and foliage combustion.15 Given these considerations, 

the higher contribution of the HMW fraction to the light absorption of peat-BrC in this 

study may therefore reflect different amounts of PAHs in the emissions. 

Finally, spruce-BrC is more diverse in its structural absorption profile than peat-

BrC. Specifically, peat-BrC shows only one distinct absorption peak centred at~280 nm, 

which is often attributed to carbonyls and aromatic acids,52 with the remainder of its light 

absorption concentrated below 230 nm. In contrast, spruce-BrC shows multiple distinct 

absorption peaks, including ones attributable to aromatic acids, nitroalkanes (~275 nm), 

and nitro-containing aromatic compounds (>305 nm), such as nitrophenol derivatives. 

https://www.zotero.org/google-docs/?3j64jZ
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14,53 These differences in BrC light absorption characteristics likely reflect the influence 

of fuel materials on BrC composition.13 First of all, foliage contains more nitrogen than 

peat: leaves and needles account for ~50% of whole‐tree nitrogen,54,55 whereas most of 

the nitrogenous compounds in organic matter are decomposed during peat formation, 

leaving mostly carbon.56 From this, we can assume that BrC from foliage combustion 

would have a higher amount of nitro-containing organic compounds compared to BrC 

from peat combustion, which is consistent with our results. 

We have previously used SEC-PDA to show that peat-BrC spans a wide range of 

molecular sizes and/or polarities and consists in part of aggregates that can undergo 

solvent-dependent dissociation.34 To further investigate the polarity and lability of BrC 

components from different sources, we compared the elution behaviors of peat-BrC and 

spruce-BrC as a function of mobile phase solvent strength by switching the organic 

modifier mix composition gradually from pure MeOH to pure ACN. Here, we quantified 

the relative contributions of HMW1, HMW2, and LMW to overall BrC absorbance for 

these samples by integrating the absorbance values over the respective time ranges 

associated with these fractions, and plotted these values as a function of mobile phase 

composition.  

 As reported in our previous study, peat-BrC exhibits substantial column retention 

when ACN is absent from the mobile phase organic modifier, which implies that its 

components have strong hydrophobic interactions with the SEC column. In contrast, 

spruce-BrC did not exhibit column retention under any mobile phase conditions (Figure 

B.5). Together, these observations imply that spruce-BrC is less hydrophobic than peat-

BrC. This interpretation is consistent with results from a previous study, which showed 

that fresh PM from combustion of peat displayed the lowest hygroscopic growth of all 

investigated samples.57  

As shown in Figure 3.2b, the contribution of the LMW fraction to total peat-BrC 

absorption increases with increasing ACN content of the organic modifier mix, regardless 

of combustion conditions; in contrast, the elution profile of spruce-BrC and the relative 

contributions of its HMW and LMW fractions to its overall absorption is invariant with 

organic modifier ACN content. In our previous study of BrC generated by combustion of 

surface peat,34 we attributed the increase in LMW contributions at higher ACN contents 
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to the partial breakdown of high-MW chromophores, which we argue are aggregates of 

small units held together by intermolecular forces. This interpretation also explains our 

observations for spruce-BrC: since the light absorption of spruce-BrC is predominantly 

contributed by its LMW fraction, any dissociation of its HMW components would have 

minimal effect on its overall size distribution.  

 

 

Figure 3.2. Elution behavior of BrC generated from the combustion of peat and spruce as a function of the 

ACN content of the mobile phase organic modifier (in all cases, the mobile phase consisted of phosphate 

buffer [50% v/v, 20 mM, pH 6.8] and organic modifier [0–50% v/v ACN, with the remainder MeOH]): a) 

absorption density plots with 50% ACN as organic modifier and b) absorption contributed by low-MW BrC 

fractions versus organic modifier ACN content  (0–50%); data markers with red borders (triangle, 

rectangle, and circle) indicate values averaged from replicates. We also ran one sample (wet_surface) at 

various mobile phase conditions several times and the replicates are shown as red asterisks. 

 

3.3.3. The size-dependent light absorption of peat and spruce BrC 

changes with simulated atmospheric photo-aging 

Wildfire PM can be transported thousands of kilometers after its emission to the 

atmosphere,58 thus reducing air quality in distant receptor regions; it can also be 

transported vertically by deep convection into the upper atmosphere (upper troposphere 

and lower stratosphere),59 resulting in large enhancements in both its radiative forcing 

and atmospheric residence time. According to one global-scale aircraft study, wildfire 

PM is ubiquitous in the remote troposphere, and this dilute PM comprises approximately 

half of the total climate impacts of all PM emitted by biomass burning.60 A full 
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understanding of wildfire BrC climate impacts, therefore, requires us to understand the 

evolution of its light-absorbing properties over its entire atmospheric lifetime.  

In this study, we examined changes in the size-dependent light absorption profiles 

of our samples as a function of exposure to simulated solar radiation (1–48 h). As shown 

in Figures 3.3a and 3.3b, peat BrC chromophores with different molecular sizes showed 

different behaviours upon illumination: the absorption contributed by the LMW fraction 

decreased with increasing illumination time; in contrast, the overall contribution from the 

two HMW fractions first increased and subsequently decreased. Interestingly, the 

evolution of the two HMW chromophore sub-fractions differed in two respects. First, the 

larger-MW sub-fraction (HMW1) displayed a more significant absorption enhancement 

than the smaller-MW sub-fraction (HMW2). Second, the HMW2 absorption started to 

decrease after the first ~ 8 h of light exposure, whereas the HMW1 absorption remained 

substantially elevated above its original value even after 48 h of illumination. As a result 

of coexisting photobleaching and photoenhancement of these different BrC fractions, the 

total light absorption of peat-BrC still remained at ~70% of its initial value after the 48 h 

illumination period. This result agrees with another study focusing on boreal peat 

emissions, in which the absorption of primary peat BrC particles remained relatively 

stable over the equivalent of 3.5 days of atmospheric photooxidation.61 Further, it is 

consistent with results from a field study, although not boreal fuel-specific, which 

reported a persistent fraction of primary biomass burning BrC that remained in the 

atmosphere 50 h after its emission.62 This study also reported that BrC photobleaching 

became negligible after 12 h of sunlight exposure, and attributed this observation to the 

complete depletion of the chromophores that were susceptible to photochemistry or 

photobleaching within the 12 h timeframe. This is consistent with our observation that 

peat BrC consisted of a rapidly photobleached low-MW fraction and a photo-persistent 

high-MW fraction.  

The photo-enhancement and subsequent photobleaching observed in this study 

has also been reported in previous laboratory studies of the atmospheric aging of BrC 

proxies61,62 and BrC from wood pyrolysis.65 The wood BrC study is of particular interest 

here, because it also employed SEC-PDA for BrC characterization. In this work, the 

authors observed photo-enhancement and photo-bleaching effects for both large- and 
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small-MW chromophores upon several hours of illumination. A possible cause for the 

difference between our study and this previous work may relate to the SEC separation 

process itself: in particular, as the wood BrC samples experienced significant column 

retention during the SEC separation, as reflected in an elution profile that extended well 

past the total permeation volume of the column,65,66  the apparent small-MW BrC fraction 

may have also included contributions from large-MW components that experienced 

strong interactions with the SEC stationary phase. If this were indeed the case, we could 

expect the photo-enhancement in the light absorption of these co-eluting large-MW 

chromophores to have disguised any absorption loss experienced by small-MW 

chromophores. 

Although a detailed examination of the mechanism of secondary BrC formation is 

beyond the scope of this study, we hypothesize that the initial enhancement in the light 

absorption of the large-MW BrC fraction could be explained by two distinct mechanisms. 

First, upon solar radiation, some aromatic BrC chromophores can be promoted into their 

excited triplet state (3C*), which can react to form dimeric and oligomeric species.67 

Second, high molecular weight chromophores can be formed through reactions of 

nitrogen containing compounds with condensed-phase oxidants, including hydroxyl 

radical (OH) and singlet molecular oxygen (1O2).
68 The sources of these reactive species 

in our samples are likely complex. For example, the triplet excited states (3C*) of BrC 

chromophores (e.g., aromatic carbonyls) can transfer energy to dissolved molecular 

oxygen, forming 1O2,
64 and generate hydrogen peroxide,69 a source of OH.70 In addition, 

the aqueous-phase photolysis of secondary organic aerosol (SOA) material has been 

shown to yield OH.71 Finally, the nitrate and nitrite in combustion-derived PM could also 

be another major photolytic source of OH.72 Reaction with these oxidants could add 

oxygenated functional groups to the aromatic rings and enhance their absorption at longer 

wavelengths.73 However, as the oxidation continues, fragmentation will appear via 

cleavage of the aromatic ring, resulting in a loss of BrC light absorption.64 This second 

mechanism agrees with our observations of photoenhancement followed by 

photobleaching of the HMW BrC fraction for both peat and spruce. 
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Figure 3.3. Evolution in peat-BrC absorption properties during simulated atmospheric photoaging: a) 

absorption density plots of peat-BrC (surface, wet) after 0, 8, and 48 h of illumination; b) evolution in the 

absorption contributed by the high MW (HMW1, earlier-eluting; HMW2, later-eluting) and low MW 

(LMW) fractions of peat-BrC (surface, wet); c) evolution of light absorption associated with different size 

fractions (total absorption, high MW [HMW1, earlier-eluting; HMW2, later-eluting], and low MW 

[LMW]) of four BrC samples ( — SRHA, — peat-surface-wet, — peat-bottom-wet, — peat-bottom-dry). 

 

As described in Section 3.3.1, the light-absorbing properties of peat-BrC 

displayed a clear dependence on fuel properties. To determine whether the light aging 

trajectories of the BrC chromophores had a similar source dependence, we also studied 

the effect of peat moisture content and sampling depth on BrC photoaging. Interestingly, 

whereas the initial contribution of the LMW fraction to the total BrC absorption ranged 

from 0.42 for the dry (surface) fuel sample to 0.66 for the dry (bottom) sample, this fuel-

dependent behaviour disappeared during photoaging—after 48 h of illumination, the 

absorption contribution from the LMW fraction had decreased to a similar value (0.22–

0.3) for all peat samples.  
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To further investigate the influence of fuel type on the light absorption evolution 

of BrC chromophores, we subjected the spruce-BrC sample to the same photoaging 

protocol. As shown in Figure 3.4, qualitatively similar photo-aging behavior was 

observed for spruce-BrC chromophores, though with a much larger initial photo-

enhancement of the HMW fraction and a much greater loss in the total absorption after 

48 h illumination. In the first 8 h of illumination, although the total light absorption 

stayed unchanged, the absorbance of the HMW fraction increased by more than a factor 

of 8 for HMW1 and ~1.6 for HMW2, whereas the LMW fraction lost 75% of its initial 

absorption. As the illumination continued, the large components started to decay rapidly; 

as a result, the total absorption of spruce BrC was only ~35% of its initial value after 48 h 

of light exposure. A previous study has shown that humic constituents such as N-

containing compounds, alkyl-aromatics, and carbohydrate components are more resistant 

to photochemical degradation than those with structures of lignic and lipidic origin.74 As 

the latter are major components of woody biofuels, this may explain the fast 

photobleaching of spruce-BrC that we observed here.  

These differences highlight that the atmospheric behaviour of BrC is strongly fuel 

dependent. This conclusion is further supported by experiments examining the photolysis 

of SHRA,  a common proxy for the “HULIS” component of biomass burning PM75 with 

light-absorbing characteristics that resemble those of the high-MW fraction of BrC. As 

shown in Figure 3.3, the light absorption of SRHA did not show the dramatic 

photoenhancement that we observed for HMW1; in addition, SRHA was more resistant 

toward photodegradation compared to all other BrC samples, with its total absorption 

remaining unchanged after 48 h of illumination.  

 

https://www.zotero.org/google-docs/?X63GhD
https://www.zotero.org/google-docs/?zEPGus
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Figure 3.4. Evolution in spruce-BrC absorption properties during simulated atmospheric photoaging: a) 

absorption density plots after photolysis of 0, 8, and 48 h; b) evolution of light absorption associated with 

different size fractions of spruce BrC: total absorbance (stars), high MW [HMW1(circles), earlier-eluting; 

HMW2(squares), later-eluting], low-MW (triangles). 

 

3.4. Atmospheric implications 

Although the importance of the correlations between the optical and chemical properties 

of biomass burning BrC has been acknowledged by many studies,13,14,76–79  our 

understanding of these correlations is still incomplete. Some laboratory and field studies 

have reported a dependence of BrC optical properties on combustion conditions, but a 

minimal dependence on fuel type,76–78 whereas other studies have shown that fuel type 

can influence the composition and optical properties of biomass burning PM.79 For 

example, controlled laboratory combustion experiments showed that BrC from the 

combustion of fuels characteristic of the southwestern USA contains a larger HULIS 

fraction than that from combustion of fuels from the southeastern USA and Russia.13 

This study, for the first time, provides direct evidence that fuel properties and type 

can both have a significant effect on BrC light absorption. Our results show that the 

molecular size and characteristics of BrC chromophores from peat combustion change 

with both peat moisture content and depth, and in particular that combustion of deeper 

peat layers with higher moisture contents leads to lower levels of LMW chromophores in 

https://www.zotero.org/google-docs/?MScBr6
https://www.zotero.org/google-docs/?Ksxtll
https://www.zotero.org/google-docs/?piq37Q
https://www.zotero.org/google-docs/?P6nqYE
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the emitted BrC. More broadly, these results imply that the combustion of peat under 

natural wildfire conditions could be very different from the combustion of dried peat 

samples in the laboratory, especially as the moisture content of peat in the boreal 

environment can be even higher than the range explored here.26,27  

Another important finding of this study relates to the atmospheric stability of BrC 

from different fuels. The major difference in the BrC produced by combustion of peat 

and spruce foliage was the relative amount of LMW and HMW chromophores. We found 

that upon aging, the light absorption associated with LMW chromophores in both peat-

BrC and spruce-BrC dramatically decreased, which implies that they were either rapidly 

photobleached or converted into HMW fractions with “humic-like” absorption. At the 

same time, however, light absorption by the HMW fractions of spruce-BrC decayed 

much more quickly than those of peat-BrC. Together, these results imply that although 

the distinct differences in BrC light absorption arising from variation in fuel types may 

become negligible soon after release into the atmosphere, BrC from different sources can 

still exhibit different atmospheric lifetimes. This result helps to explain the inconclusive 

results reported by different laboratory studies and field observations, in which the BrC 

half-life ranges from minutes for single aqueous BrC proxies63,65 to days for BrC in 

biomass-burning plumes.62,80 Although the photoaging experiments in this study are 

performed in the aqueous phase, which differs from organic aerosol in its polarity, ionic 

strength, and viscosity, it can represent situations in which BrC is incorporated into 

relatively dilute aqueous environments (e.g., cloud water).81 In regions heavily affected 

by biomass burning including wildfires, the composition and atmospheric evolution of 

BrC in cloud water may have substantial influence on both the climate and the hydrologic 

cycle.82  

The fuel-type dependent BrC properties reported in this study highlight that 

wildfire emissions in different regions can have very different climate impacts. For 

example, whereas the radiative forcing resulting from spruce foliage combustion would 

likely decrease rapidly after emission, light-absorbing emissions from peatland fires 

would last longer in the atmosphere and thereby impact a larger region by further 

transportation. As climate change exacerbates wildfire activities in the boreal region,4,5 

the contribution of BrC from peatland combustion and its significance to the total aerosol 

https://www.zotero.org/google-docs/?nc6Ykl
https://www.zotero.org/google-docs/?Bugkh3
https://www.zotero.org/google-docs/?D1IkWk
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radiative forcing will increase. To fully predict the future regional and global climate 

impacts of wildfires, therefore, studies focusing on the fundamental properties and 

atmospheric aging of BrC emitted from boreal fuels are needed.  
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Chapter 4  
 

The heterogeneous reaction of NO2 with carbonaceous 

PM: a potential pathway for HONO formation in 

wildfire plumes 
 

 

4.1. Introduction 

As one of the most important oxidants in the atmosphere, hydroxyl radical (OH) is 

responsible for the oxidation and removal of most natural and anthropogenic trace gases.1 

Previous studies2–4 have estimated that, under polluted conditions, the photolysis of 

nitrous acid (HONO) in the near-ultraviolet spectral region (320 nm < 𝜆 < 400 nm) 

reaction contributes about 60% of overall OH production: 

 

HONO + hv→ ∙OH + NO                 (R4.1) 

 

As a major precursor of OH, especially in the morning, the formation of HONO is 

of paramount interest and significance. The reverse reaction of R4.1 is the most important 

gaseous reaction resulting in HONO formation in the atmosphere.5 However, the 

predicted HONO mixing ratios based on existing knowledge of formation pathways are 

lower than measured HONO mixing ratios, especially in the daytime, which implies that 

the sources of HONO in the atmosphere are still not fully constrained (i.e., that there is a 

missing source). Besides (R4.1), there are two other gas-phase pathways, (R4.2) and 

(R4.3), for HONO formation; however, they are too slow to explain the observed night-

time HONO production rates.6 

 

NO + NO2 + H2O → 2HONO               (R4.2) 

2NO2 + H2O → HONO + HNO3           (R4.3) 

 

Heterogeneous formation of HONO on various surfaces from the reactive uptake 

of nitrogen dioxide (NO2) has been proposed to be the most likely explanation for these 

model–measurement discrepancies, especially for the high buildup of HONO during 

https://www.zotero.org/google-docs/?gVaJLB
https://www.zotero.org/google-docs/?HuT5sT
https://www.zotero.org/google-docs/?MR7dHp
https://www.zotero.org/google-docs/?ylbdWA
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nighttime in polluted environments. In particular, previous studies have reported 

heterogeneous conversion of NO2 to HONO via a variety of dark and light-mediated 

mechanisms on different surfaces, including the ground,7 wet surfaces,8 surfaces of fine 

particles (e.g., soot)3,9,10 and organic substrates.11  

Biomass burning emissions, including wildfire smoke, is an important source of 

HONO.12–21 Besides the direct emission, the heterogeneous formation of HONO from 

NO2 uptake on aerosol surfaces has been suggested to be a major source.9,18,21–30 In one 

study, for example, biomass burning tracer analysis using potassium ions (K+) showed 

that secondary HONO formation contributed more than 80% of the observed nighttime 

HONO mixing ratios during a biomass burning event in Eastern China, with direct 

emission comprising the remainder.18 In addition, this study found that the NO2 to HONO 

conversion was twice as fast in biomass burning plumes than during periods without 

biomass burning events. Another field measurement showed significant photo-enhanced 

NO2 to HONO heterogeneous conversion in daytime aged smoke, which contributed 85–

95% to total HONO production, followed by OH + NO (5–15%).31 However, 

uncertainties remain regarding the mechanism of heterogeneous formation of HONO in 

wildfire plumes, as the reactivity of authentic wildfire PM has not been directly explored. 

Smoke particulate matter emitted from wildfires is mainly composed of organic 

carbon (OC) and black carbon (BC).32 Insight into the potential heterogeneous HONO 

formation contributed by NO2 uptake on the BC fraction in the plume is provided by an 

extensive library of studies performed with lab-generated soot. These studies have been 

performed under various reaction conditions (e.g., light, humidity, NO2 concentrations) 

using soot samples generated from multiple fuels using different burners and under 

different combustion conditions (e.g., fuel type and fuel/air ratio). However, the 

conclusions of these studies often disagree. For example, some researchers believe that in 

the presence of humidity, the heterogeneous conversion of NO2 on soot surfaces is a main 

path of HONO formation,33 especially as adding light has been observed to drastically 

enhance the reactivity of soot surfaces,34,35 whereas other studies have suggested that the 

contribution of HONO from the heterogeneous reaction of soot with NO2 is negligible 

because the soot surface will be rapidly deactivated by NO2.
36,37  

https://www.zotero.org/google-docs/?6ZXblV
https://www.zotero.org/google-docs/?gWS1R0
https://www.zotero.org/google-docs/?2yZp9l
https://www.zotero.org/google-docs/?KNXDsQ
https://www.zotero.org/google-docs/?H3Prs5
https://www.zotero.org/google-docs/?vzXDbt
https://www.zotero.org/google-docs/?jri6q6
https://www.zotero.org/google-docs/?0Xiaby
https://www.zotero.org/google-docs/?WjqznJ
https://www.zotero.org/google-docs/?101qJf
https://www.zotero.org/google-docs/?NM76FH
https://www.zotero.org/google-docs/?JgBy56
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NO2 uptake coefficients and HONO yields on soot surfaces vary by orders of 

magnitude among the published literature data,38–42 indicating a dependence on the 

chemical composition, especially the content of organics, of soot PM. Soot particles 

primarily consist of a non-extractable carbonaceous core, which is frequently referred to 

as elementary carbon (EC), and condensed semi-volatile compounds, commonly 

described as OC or the solvent-extractable fraction.43 It has been widely suggested that 

OC plays an important role in NO2
 to HONO conversion, as higher NO2 uptake 

coefficients and HONO yields have been observed for soot samples with higher OC 

contents.27,44–47 In addition, as reported in one study, both the NO2 uptake coefficient and 

the HONO yield drastically decreased once the OC fraction was thermally removed, 

confirming that OC is the main contributor to the reactivity of soot with NO2.
44  

The heterogeneous conversion of NO2 to HONO on the surface of the biomass 

burning OC fraction has been studied in the lab using organic compound proxies. Most of 

the organic surfaces relevant to biomass burning PM exhibit a very small reactivity 

towards NO2 in the dark, with a NO2 uptake coefficient ranging from 10-6 to below 

10−7,38,39 but are more reactive upon irradiation. For example, photo-enhanced NO2 

conversion to HONO has been observed on solid organic films consisting of PAHs (e.g., 

pyrene), tannic acid and gentisic acid under irradiation with UV light.39,40 The conversion 

of NO2 to HONO has also been observed on light-activated surfaces of humic acid 

aerosols, a substance commonly used as a surrogate of the light absorbing fraction of 

organic aerosol (OA), with a NO2 uptake coefficient of 10−5-10−6.41,42  

The mechanism for the heterogeneous conversion of NO2 to HONO on the 

surface of fine PM is complicated. Under dark conditions, HONO can be formed either 

through the surface hydrolysis of NO2 or through the reaction of NO2 with reductive sites 

on the particle surface.9,48 When adding light irradiation, HONO can also be formed via 

direct photo-oxidation of nitroaromatics through electron or hydrogen transfer from the 

excited substrate, or via the photolysis of nitroaromatic intermediates formed by non-

photochemical processes under dark conditions.11,49 However, it is not clear which 

pathways are the most important. 

In this chapter, the reactivity of NO2 with carbonaceous PM collected from 

biomass burning is investigated. The biomass-burning aerosol samples were deposited on 

https://www.zotero.org/google-docs/?fBpYDz
https://www.zotero.org/google-docs/?CdprCL
https://www.zotero.org/google-docs/?zzvMqR
https://www.zotero.org/google-docs/?3W4Xcf
https://www.zotero.org/google-docs/?YtAIL0
https://www.zotero.org/google-docs/?AjqQLW
https://www.zotero.org/google-docs/?ipRI45
https://www.zotero.org/google-docs/?Tq3609
https://www.zotero.org/google-docs/?IG1tpa
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PTFE membranes and then exposed to NO2 under both dark and simulated solar radiation 

at ambient relative humidity (~ RH 25%) to examine both NO2 uptake (𝛾𝑁𝑂2
) and HONO 

formation. In particular, the goal of these research efforts was to investigate the 

dependence of PM source type in the heterogeneous conversion of NO2 to HONO and to 

study 𝛾𝑁𝑂2
and yield of HONO as a function of fuel type, fuel properties (e.g., moisture) 

and combustion conditions. Here, to date, I have designed and validated the experimental 

apparatus, finished the peat burning PM sample collection, collected PM samples from 

wood pyrolysis at two different temperatures, explored the experimental strategy, and 

collected data of 𝛾𝑁𝑂2
 and yield of HONO from three PM samples; in the coming 

months, I will collect PM samples from diluted wood pyrolysis smoke and complete the 

study of the heterogeneous conversion of NO2 to HONO for the remaining samples. To 

my knowledge, this is the first work reporting the systematic investigation of HONO 

formation on authentic biomass burning PM under realistic environmental conditions. 

Ultimately, this study will provide insights into the impact of heterogeneous HONO 

formation on the atmospheric HONO concentrations in wildfire-impacted regions, and 

contribute to our understanding of potential missing HONO sources.  

 

4.2. Methods 

4.2.1. Open combustion of peat 

The PM samples used in this study were collected during the biomass burning campaign 

described in Chapter 2 and Chapter 3. Briefly, boreal peat (Calling Lake, northern 

Alberta, Canada; 55.092, -113.272) was used as the fuel for the combustion experiments. 

The bulk peat was sampled from the ground surface to ~40 cm to capture the typical 

depth of burn (~10 cm) during wildfires.50 After collection, the bulk peat samples were 

subjected to different storage/drying protocols: the samples were either left covered to 

limit drying (i.e., to keep them at their field moisture contents) or were left uncovered and 

air dried at 40°C for 7 or 14 days.  

Peat samples selected from different depths (surface layer, 0–5 cm; middle layer, 

10–15 cm; and bottom layer, 25–30 cm) and prepared as described above were burned at 

the laboratory combustion facility in the Northern Forestry Centre (Edmonton, Alberta); 

https://www.zotero.org/google-docs/?ZjP7fq


 
127 

samples were ignited by placing a heater (210 V, 1000 W; Re-Verber-Ray BAH-25) 

operating at ~800°C over them for 1 min. Particles were collected on a PTFE membrane 

(EPA PM2.5 PTFE filters, 46.2 mm, Sterlitech, US) through a cyclone for the selective 

sampling of particles with diameters smaller than 2.5 µm (PM2.5) at a flow rate of ~2.2–

2.5 L/min. All PTFE filter samples were stored at 4℃ until use in the experiments. 

 

4.2.2. Wood pyrolysis  

To compare the reactivity of PM generated from peat combustion with PM from other 

sources, a surrogate of biomass burning PM was generated in the laboratory via 

controlled wood pyrolysis using a compact horizontal tube furnace (Carbolite Gero EHA 

12/300B/200). For each pyrolysis, chips of air-dried hardwood (white spruce) with a total 

mass of ~ 5–7 g were placed in the bottom center of the quartz tube combustion chamber. 

The exterior of the quartz tube was heated from room temperature to 500 °C at a rate of 

100 °C min-1, with a hold at 200 °C for sample collection. After reaching the final set 

temperature, the temperature was maintained for 10 min. These conditions were designed 

to ensure that combustion took place in the smoldering phase and to suppress black 

carbon formation during wood pyrolysis.5 Two wood pyrolysis PM samples were 

collected: Wood-PM1 was collected at a lower temperature (200℃), and Wood-PM2 was 

collected at a higher temperature (500 ℃). The smoke stream was directly collected on 

polytetrafluoroethylene filters (47 mm, 2 μm pore size, Pall Corporation) via a vacuum 

system.  

 

4.2.3. Heterogeneous conversion of NO2 to HONO 

The heterogeneous reaction of NO2 with combustion PM was investigated using a 

customized photochemical filter flow reactor. This reactor is composed of two parallel-

connected Teflon filter holders, each with quartz glass windows on their upper surfaces. 

A schematic of this experimental apparatus is shown in Figure 4.1. One filter holder 

contains a blank PTFE filter, which was used as a control, and the other contains a 

particle-loaded filter. A solar simulator (K; SunLite, Abet Technologies) was used to 

evaluate the photo-reactivity of combustion PM samples.  

https://www.zotero.org/google-docs/?fhmkar
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The system components are connected with PTFE tubing. An inlet gas mixture 

(30–50 ppb NO2 in zero air) at a flow rate of 1.2 L min–1 was introduced to either the 

blank filter holder or the sample-loaded filter holder via two stainless steel three-path 

valves. The relative humidity (RH) of the gas stream is controlled by adding a flow of 

water vapor-saturated zero air to the system through a water bubbler. After exiting the 

reactor, the gas mixture is directed into a chemiluminescence NOx analyzer for online 

detection of HONO and NOx (NOx = NO + NO2); a glass tube denuder coated with a 

mixture of sodium carbonate (Na2CO3) and glycerol (1% + 1% w/w in 1:1 

methanol/water solution) 52 was used to remove HONO from the gas flow before entering 

the NOx analyzer, thereby enabling its indirect detection. 

 

 
Figure 4.1. Schematic diagram of the experimental apparatus, including the photochemical filter flow 

reactor 

 

4.2.4. Experimental data analysis 

The chemiluminescence NOx analyzer is designed to measure NO and NO2. By passing 

the sample flow over a heated Mo catalyst installed inside the NOx analyzer, all the NO2 
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will be effectively reduced to NO. The resulting NO is oxidized in the presence of O3 to 

yield excited-state NO2 (NO2*), which fluoresces at visible and near-infrared 

wavelengths. The total NOx concentration is proportional to the fluorescence intensity. 

The NO2 signal is obtained by comparing the NOx signal with/without passing the 

incoming sample flow through the catalytic converter.53 Since HONO will also be 

reduced in the catalytic converter and therefore detected as NO2 by the NOx analyzer, I 

inserted a  Na2CO3 denuder between the outlet of the reactor and the inlet of the NOx 

analyzer to strip any potential HONO from the gas flow. To quantify the HONO yield, I 

switched in and out this denuder. The NO2 uptake coefficient (𝛾𝑁𝑂2
) was calculated by 

the fractional reactant loss (Lf) from the gas phase upon its reactive adsorption on the PM 

surface:53 

 

𝐿𝑓 =
[𝑁𝑂2]𝑖𝑛−[𝑁𝑂2]𝑜𝑢𝑡

[𝑁𝑂2]𝑖𝑛
             (E.4.1) 

𝜔 = √
8𝑅𝑇

𝜋𝑀𝑁𝑂2

                       (E.4.2) 

𝛾𝑁𝑂2
=

4 × 𝐿𝑓 × 𝑉𝑔

𝜔𝐴𝑔𝑒𝑜
                   (E.4.3) 

 

In these equations, [NO2]in and [NO2]out are the NO2 concentrations at the inlet 

and outlet of the reactor (ppb), respectively; R is the universal gas constant (kg m2 s –2 K –

1 mol–1); T is the temperature (K); ω is the mean molecular speed of NO2 (m s–1); Vg is 

the flow rate of the reactant-containing gas (m3 s –1); and MX is the molecular weight (kg 

mol–1). Because the total surface area of collected PM/semivolatile species used in this 

study is not available from the data collected, I approximated the surface area of the PM 

available to participate in the reaction using Ageo , the geometric surface area of the PTFE 

filters (m2); this is clearly an underestimate, and will bias the 𝛾𝑁𝑂2
values high (E.4.3).54

 

 

https://www.zotero.org/google-docs/?QHUhtU
https://www.zotero.org/google-docs/?T1hXB0
https://www.zotero.org/google-docs/?3lBn62
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4.3. Results and discussion 

4.3.1. Heterogeneous conversion of NO2 to HONO by combustion PM  

The experiments in this study employed three different biomass-burning PM samples: 

peat-PM and wood-PM (collected at 200 ℃ and 500 ℃). Before exposing the samples to 

NO2, the filter samples were placed in the filter holder and purged with zero air until the 

NOx signal in the outlet flow was close to that of the inlet gas. This off-gassing process 

allowed the removal of any volatile and semi-volatile species that were absorbed on the 

filters and could potentially react with NO2 or absorb radiation and photolyze.  

Figure 4.2 shows the reaction profiles for NO2 uptake on PM-loaded filters at 

25% RH. After the off-gassing stage, NO2 was added to the zero air to obtain the desired 

mixing ratio for the experiment (here, 50 ppb). For all the PM samples, regardless of the 

source, the NO2 mixing ratio stayed the same when the gas flow passed through the 

sample-loaded filters; upon switching the Na2CO3 denuder into the flow path, the NO2 

mixing ratio sharply decreased, indicating that all the NO2 taken up by the PM samples 

was converted to HONO, which was removed by the denuder. To measure the HONO 

production as a function of exposure time, the HONO denuder was switched in and out of 

the flow path multiple times during the reaction; the yield of HONO was ~100% 

throughout the reaction (up to 3 to 6 h), which implies a strong, sustained reactivity of the 

sample under dark conditions. In the presence of simulated solar radiation, the apparent 

NO2 signal decreased, and the NO signal increased correspondingly. This could reflect a 

contribution from direct NO2 photolysis and/or the photolysis of the HONO product; 

however, the light-mediated increase in NO signal remained constant over the course of 

the experiment despite a decrease in HONO production, which is consistent with the 

direct photolysis pathway. In addition, beyond NO2 photolysis, no significant change was 

observed in terms of neither the NO2 uptake nor the HONO production.  

Figure 4.3 reports the time-dependent trend in NO2 uptake coefficients during the 

heterogeneous reaction with different PM samples under dark conditions. As calculated 

using methods described in Section 4.2.4, the NO2 uptake coefficients (𝛾𝑁𝑂2
) of all 

samples decreased with time, implying a gradual surface deactivation. 𝛾𝑁𝑂2
in this study 

ranged from 10-4–10−5 over the duration of the experiment, which is orders of magnitude 
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greater than the value reported in previous studies of heterogeneous NO2-to-HONO 

conversion taking place on humic acid aerosol surfaces, in which the dark conversion is 

small, with 𝛾𝑁𝑂2
 below 10−7.41,42 One of the reasons for this discrepancy could be the 

underestimation in the total surface area of PM resulting from using the geometric area of 

the filter in the uptake calculations, which would lead to a corresponding overestimation 

of 𝛾𝑁𝑂2
(E4.3). If alternatively, we use another approach to obtain an approximate surface 

area that more close to realistic condition by assuming a diameter (e.g., 2.5 μm) and a 

bulk density (1.15 g cm 3),55 we can estimate total surface area of the particles loaded on 

the filter by calculating the total number of the particles and particle surface. 𝛾𝑁𝑂2
 

estimated using this surface area ranged from 10-4-10-6, still greater that reported value. 

https://www.zotero.org/google-docs/?VWJBxc
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Figure 4.2. Reaction profiles for the heterogeneous reaction of NO2 with PM collected from a) open 

combustion of peat; b) and c) wood pyrolysis at 200 ℃ and 500 ℃.  
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Although the apparent HONO yields were ~100% for all samples, the NO2 uptake 

coefficients were different. The two Wood-PM samples featured a higher 𝛾𝑁𝑂2
 than peat-

PM, with initial values ranging from 2–3×10−4, and reactivity sustained for 5–6 h. In 

addition, 𝛾𝑁𝑂2
was higher for the Wood-PM1 sample, which was collected at 200℃, than 

for the Wood-PM2 sample, which was collected at 500℃. In addition to the different 

compositions of the PM samples, the different reactivity toward NO2 could also be 

attributed to the variability in the amount of PM sampled in each combustion experiment. 

To assess the impact of mass loadings in this reaction, I plotted 𝛾𝑁𝑂2
as a function of the 

mass of PM loaded on each filter (Figure 4.3b); here, I chose to display the reactivity 

under dark conditions after 65 min of sample exposure. From this figure, we can 

conclude that the higher reactivity observed for wood PM does not simply reflect the 

influence of sample mass; in addition, we can see that, whereas the total reactivity of the 

Wood-PM1 sample is higher than the Wood-PM2 sample, the sample collected at the 

higher temperature (Wood-PM2) is in fact more reactive on a per-mass basis.  

 

 

Figure 4.3. Time-dependent trends in dark NO2 uptake coefficients for peat-PM and wood-PM samples. 

 

4.3.2. The hypothesized reaction mechanism 

There are two proposed pathways of dark HONO formation on the PM surface through 

NO2 uptake. First, HONO can be formed by the reaction of NO2 with surface-adsorbed 
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water to produce gas-phase HONO and surface-adsorbed nitric acid (2NO2 + H2O → 

HONO + HNO3).
56 The second assumed pathway involves the adsorption of NO2 to 

reductive surface sites (Sred), where it can be converted to HONO;47 in this reaction, the 

particle surface itself provides a hydrogen atom for NO2 to form HONO (NO2 + Sred→ 

HONO). However, as both HONO and HNO3 can be effectively absorbed on Na2CO3 

coating, it is hard to tell the HONO yield solely by the decrease in “NO2” signal after 

passing through the Na2CO3 denuder; The accurate estimation of HONO yield would  

would require us to selectively remove HNO3 from the flow stream upstream of the 

Na2CO3 denuder (e.g., via using a NaCl denuder, which would convert HNO3 to surface-

sorbed nitrate and release HCl).57 In addition, some simultaneously formed organic 

nitrates could also cause overestimation to the HONO yield due to their interference in 

the NOx analyzer; the chemiluminescence measurement can effectively measure NOy 

(sum of all reactive nitrogen oxides, including NOx (NO + NO2) and other nitrogen 

oxides referred to as NOz), since the molybdenum oxide catalysts can also reduce 

compounds such as NO3, HNO3, N2O5, NH3 and organic nitrates (e.g., CH3ONO2, 

CH3CH2ONO2, n-C3H7ONO2, n-C4H9ONO2, RO2NO2).
58 Although both HONO and 

HNO3 in the product can be removed by the NO2CO3 denuder,52 since we didn’t observe 

significant decrease in NO2 by passing flow through a blank filter held at the same RH, 

suggesting a negligible reaction of 2NO2 + H2O → HONO + HNO3. Furthermore, in this 

study, the reactivity of all PM samples decreased with time, implying 

deactivation/consumption of these reductive sites, therefore, supporting the second 

reaction path. 

Despite not taking part in the reaction directly, surface-absorbed water is believed 

to be crucial for heterogeneous processes like the second pathway, since it provides 

hydrogen bond donors for organic molecules, thus facilitating electron-transfer reactions 

with NO2.
59 Although one study of NO2 uptake by soot found that the HONO formation 

rate was independent of the water vapor concentration over the atmospherically relevant 

range of 4–77% RH, the authors of this study did not deny the potential impact of 

water;40 instead, adsorbed water was assumed to be a non-limiting partner in the 

heterogeneous reaction. The authors pointed out that if water provided the proton for 

HONO, even a very low relative humidity (4%) would be sufficient for the reaction to 
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proceed; as a result, they did not include it explicitly in the proposed reaction mechanism. 

This pathway provides a better agreement with the ~100% HONO yield observed in this 

study than the heterogeneous hydrolysis pathway.  

The conversion of NO2 to HONO under illumination is more complicated than 

under dark conditions because organic compounds on the sample surface can participate 

in HONO formation via additional reactive pathways. For example, HONO can be 

formed from direct photo-oxidation through electron or hydrogen transfer from the 

excited substrate upon illumination; in addition, nitroaromatic species can be formed by a 

non-photochemical process in the dark and photolyzed to release HONO.60,61  

Light-induced HONO formation has been investigated at many solid surfaces. 

Studies of direct photolysis of nitroaromatic compounds in either aqueous solution or as 

solid films provided evidence that the release of HONO occurs via a photohydrolysis 

process involving the light-excited nitroaromatic molecule.40,62 This pathway could be of 

more significance for carbonaceous PM from combustion processes because PM from 

this source usually contains high quantities of PAHs; the simulated sunlight could 

enhance the reactivity of surface PAHs towards NO2, producing nitro-compounds that 

can photolyze to release HONO.34 In the case of NO2 uptake on other surfaces (e.g., 

soot), both NO and HONO are observed as products.63 A proposed mechanism for this 

conversion involves the formation of various nitro-compounds and oxygen-containing 

species on the soot surface followed by their photolysis to yield gas-phase NO and 

HONO.64 UV illumination of the soot surface did not obviously accelerate the uptake 

process, but slightly increased the yield of NO compared to dark conditions; the NO 

formed is close to that by passing NO2 through blank filter, suggesting a direct photolysis 

of NO2.
63  

In this study, HONO is the main product of the reaction of NO2 with PM from 

both peat combustion and wood pyrolysis under both dark and light conditions; adding 

artificial solar radiation has a negligible effect on both the NO2 uptake and the HONO 

yield. From these results, we infer that the various PM species collected in this study are 

already highly redox-active under dark conditions and don't require the participation of 

light in order to undergo electron-transfer reactions. Some studies have suggested that the 

total amount of HONO generated from the heterogeneous reaction of NO2 on the surface 

https://www.zotero.org/google-docs/?mIQFO6
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of PM is negligible because the PM is rapidly deactivated after an initial NO2 loss.36,37,65–

68 In this study, however, the dark conversion of NO2 to HONO persisted for over 6 h, 

which implies that secondary formation of HONO in the plume could persist for a long 

time as it transports in the atmosphere, thereby contributing significantly to HONO 

concentrations over large spatial scales.  

 

4.4. Summary and outlook 

As wildfire impacts on climate and air quality are expected to get worse in future,69 it is 

important to understand the chemistry within smoke plumes, both near the fire and 

thousands of kilometers downwind. Carbonaceous PM, which is rich in condensed-phase 

organic compounds, has the potential to undergo a series of heterogeneous reactions that 

can significantly affect the gas-phase chemistry occurring in the plume. Specifically, the 

heterogeneous reaction between carbonaceous PM and NO2 is of great interest in a 

wildfire context because this reaction potentially plays an important role in the 

NOx/HNO3 ratio and the HOx (hydrogen oxide radicals) balance of the atmosphere (e.g., 

via affect the level of ozone and OH).70–72  

Here, for the first time, we investigated the heterogeneous conversion of NO2 to 

HONO on the surface of organic PM collected from the realistic combustion of boreal 

peat, and compared it to that produced from wood pyrolysis. We observed considerable 

dark NO2 uptake and ~100% HONO yield for all the PM samples studied throughout the 

dark reactions. These results differ from those obtained for humic acid and individual 

biomass burning proxy compounds, where dark HONO formation was negligible. We 

also observed an obvious source dependence for this reaction: 𝛾𝑁𝑂2
is higher for wood-

PM than for peat-PM; in addition, the pyrolysis temperature affects the reactivity of 

wood-PM. Although adding artificial solar radiation has a negligible effect on both the 

NO2 uptake and the HONO yield for the three samples studied here, we cannot exclude 

the possibility that light influences surface composition and/or other properties not 

measured here. Overall, this study provides a first step toward constraining secondary 

HONO production pathways in different regions, based on knowledge regarding local 

biomass burning source types. 
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In the following months, I will continue to investigate the conversion of NO2 to 

HONO on PM samples collected from the combustion of peat with different moisture 

contents and collected at different depths. I will also conduct a more systematic 

comparison of the reactivity of peat-PM samples with PM from wood pyrolysis, a 

common surrogate for wildfire PM, and Suwannee River humic acid, a common PM 

proxy. Specifically, the wood pyrolysis sampling system will be modified to include a 

VOC denuder and a pre-sampling dilution step to minimize any biases caused by the 

undesired collection of semi/low-volatility organics on the sample filters. This strategy 

will allow for the investigation of the role of fuel type and combustion conditions in NO2 

uptake and HONO production on organic PM surfaces. Specific steps toward 

accomplishing the remaining work for this project are as follows: 

● Finish evaluating the heterogeneous reaction of NO2 with PM collected from peat 

combustion; in particular, quantify NO2 to HONO conversion on PM samples 

collected from the combustion of peat with different moisture contents and 

collected from different sampling depths; 

● Compare the NO2 to HONO conversion on peat-PM with that on PM collected 

from wood pyrolysis; examine the effect of wood pyrolysis temperature on PM 

reactivity by collecting wood-PM at three different stages (below 200℃, 200–

500 ℃, 500℃);  

● Compare the reactivity of these authentic biomass burning samples with that of 

organic films prepared with Suwannee River humic acid;  

● Collaborate with atmosphere modellers to estimate the potential effect of this 

reaction on HONO production rates in wildfire plumes.  
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Chapter 5  
 

Summary and outlook 
 

 

5.1. Thesis summary 

5.1.1 Overall summary of thesis work 

This thesis describes a comprehensive interdisciplinary investigation of the 

impacts of wildfire PM on air quality and climate from a molecular-level investigation 

using PM aqueous extracts to a particle-phase investigation of the role of PM in smoke 

chemistry. To investigate the light-absorbing properties and reactivity of PM emitted 

from boreal wildfires and the regional variability in the air quality and climate impacts of 

wildfire plumes, I collaborated with Dr. Dan Thompson, a forest fire research scientist at 

Natural Resources Canada, to design a controlled laboratory combustion campaign using 

depth-segmented, systematically dried boreal peat, the major fuel in boreal wildfires, 

sampled in Alberta, Canada. In this campaign, I collected two types of samples: aqueous 

PM extracts, which were collected with a PILS; and PM samples, which were collected 

on filters (quartz fiber and PTFE) through an in-line filter sampler. The PILS aqueous 

extracts and the quartz fiber filter samples were used to study the size-dependent light 

absorption of BrC and investigate its aging mechanism in the atmosphere; the PTFE filter 

samples were used to explore the atmospheric reactivity of wildfire PM, as described 

below.  

Using SEC coupled with spectroscopic analysis, I first investigated intra- and 

intermolecular interactions of BrC components using mobile phase mixtures of water and 

organic solvents (methanol and acetonitrile). Then, I used the SEC method I developed to 

further study the correlations between the chemical (molecular size, polarities, 

aggregation behavior) and light-absorbing properties of BrC chromophores as a function 

of fuel properties (depth and moisture content). To explore the evolution of BrC 

chromophores in the atmosphere, I investigated the photoaging process using aqueous 

extracts of these BrC samples, determining their light absorption changes upon 

illumination using simulated solar radiation.  
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In a separate set of experiments, I designed and applied a photochemical filter 

flow reactor to investigate the heterogeneous conversion of NO2 to HONO on the surface 

of wildfire PM collected on PTFE filters as described above, in order to discover the 

contribution of heterogeneous chemistry in wildfire plumes to the missing source of 

HONO in the atmosphere. 

 

5.1.2 Detailed description of contributions 

In my first Ph.D. study, which is presented in Chapter 2, I used SEC coupled with 

photodiode array detection to characterize BrC collected from the boreal peat combustion 

campaign described above. Importantly, rather than attempting to estimate the MW of 

BrC chromophores through the minimization and correction of secondary interactions, I 

instead exploited these interactions to systematically explore BrC hydrophobicity, 

lability, and size-dependent light absorption properties. Using this new approach, which I 

and my collaborators corroborated using independent asymmetric flow field-flow 

fractionation (AF4) analysis, I showed that the components of fresh wildfire BrC span a 

wide range of sizes, polarities, and light absorption characteristics. Unlike 

atmospherically aged wildfire BrC, which has previously been shown to resemble 

terrestrial humic substances in both its absorption profile and its retention behaviour, the 

fresh BrC sample studied here contained both higher-MW chromophores with “humic-

like” featureless absorption and smaller-MW chromophores with structured absorption 

and was more susceptible to hydrophobic interactions with the column matrix. 

Interestingly, I found that the contribution of the low-MW fraction to overall BrC 

absorption increased with increasing mobile phase acetonitrile content, which suggests 

that the high-MW fraction consisted of metastable aggregates held together by easily 

disrupted intermolecular forces. Together, these results highlight the compositional 

diversity of atmospheric BrC and the challenge and potential of SEC for the 

characterization of complex and poorly defined environmental matrices. 

In Chapter 3, I further investigated the dependence of BrC on biomass fuel types 

and properties, with a focus on the relationship between BrC chemical composition and 

optical properties. In this study, I characterized a larger subset of BrC samples collected 

from the biomass burning campaign using the SEC-PDA analysis method developed in 
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Chapter 2. After optimizing the analysis method to minimize mobile phase artifacts, I 

applied it to the measurement of BrC absorption profiles as a function of peat moisture 

content and sampling depth and compared these with profiles of BrC produced from 

foliage combustion. I found that both the apparent molecular size and the UV-Vis 

absorption profile of BrC extracts varied significantly with these fuel properties: 

generally, higher density and moisture content were associated with a larger fraction of 

high-MW chromophores. In addition, I found that the light absorption properties of these 

BrC extracts were substantially different from those of Suwannee River humic acid, a 

common BrC proxy. I also investigated the photoaging process of the different BrC 

samples by exposing the aqueous extracts to simulated solar radiation. I observed rapid 

photobleaching of the low MW fraction and concurrent photoenhancement of the high-

MW fraction for all BrC samples. The high-MW fraction started to photobleach after the 

initial photoenhancement, leading to an eventual decrease in the total BrC absorption for 

all samples; however, BrC from peat combustion were more resistant to photoaging than 

BrC from spruce combustion, which suggests an important effect of fuel types on the 

light absorption and ultimate climate impacts of BrC. 

In Chapter 4, I shifted my focus to the air quality impacts of boreal wildfire 

emissions, and in particular to the possibility that elevated HONO mixing ratios in 

wildfire plumes could be explained by heterogeneous conversion of NO2 to HONO on 

the surface of wildfire PM. In this study, I examined the production of HONO from the 

reactive uptake of NO2 on the surface of PM collected on PTFE filters as part of the 

biomass burning campaign as discussed above as well as those collected from the 

pyrolysis of wood. I observed significant dark conversion of NO2 to HONO, with HONO 

yields of ~100%, and found that adding simulated solar radiation had a negligible effect 

on this reaction. This result contrasts with those reported in previous studies, in which 

HONO formation was observed from light-induced NO2 uptake by organic aerosols, but 

dark HONO formation was negligible.  This study provides the first direct laboratory 

evidence that heterogeneous conversion of NO2 to HONO is an important source of 

HONO in wildfire plumes, and complements field results obtained during FIREX-AQ in 

Summer 2019. 
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5.2 Proposed research directions 

The experiments performed in this thesis provide significant new insights into the light-

absorbing properties and chemical reactivity of BrC within wildfire smoke plumes. The 

results obtained in this thesis also offer a new method for investigating the relationship 

between PM light absorption and chemical composition. However, our understanding of 

these processes is still far from complete. In the following sections, I first outline the 

remaining gaps for method improvement to better study BrC (Section 5.2.1). Then, I 

describe two directions for future BrC work in exploring the effect of biomass source and 

aging process on its composition and light-absorbing properties: Section 5.2.2 proposes a 

fast screening method for BrC, and Section 5.2.3 provides suggestions for studying the 

fuel-type dependence of biomass burning BrC properties.  

      

5.2.1 Suggestions for further methodological improvements for BrC 

characterization  

I have presented the first known study of the fuel-property dependence of the 

compositional light-absorbing properties of BrC collected from biomass burning of 

boreal peat and spruce. Instead of attempting to identify the individual BrC 

chromophores present in the samples, I investigated the light absorption of different BrC 

fractions separated according to chromophore properties such as molecular size and 

polarity. In particular, I explored how the light absorption and atmospheric stability of 

different BrC fractions correlated with fuel properties and combustion conditions. 

Although I aimed to make this study as systematic and comprehensive as possible when 

designing the laboratory-controlled combustion experiments, the limited quantity of 

available BrC samples and data restrict the ability of the current work to fully address 

BrC properties and secondary chemistry taking place within and downwind of wildfire 

smoke plumes. In this section, I discuss possibilities for addressing two limitations of my 

Ph.D. work in future studies.  

First, because the initial design of the biomass burning combustion experiments 

aimed to imitate the naturally occurring peat smoldering in forest fires as much as 

possible, the heater used for ignition was placed over the fuel for a short time (1 min) and 
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then removed to enable the natural development of the combustion process. The duration 

of combustion experiments was variable but short, lasting only a matter of minutes—that 

is, the combustion was probably unable to develop into a stable phase. As a result, each 

BrC sample included emissions from different combustion stages (i.e., ignition, growth, 

fully developed and decay), which could be one of the reasons why the combustion-

integrated MCE can’t be used as an effective indicator of the combustion phase in this 

study. Future studies could keep the heating source in place longer and expand the 

combustion to a duration long enough for the combustion to develop to a stable stage, 

which would allow a better comparison of the collected BrC.  

Second, the mass of BrC and the active surface area of the collected PM were not 

available; these two parameters are essential for the accurate estimation of both the BrC 

MAC and the NO2 uptake coefficient. However, these could be estimated in future 

experiments through online measurement of the particle size distribution in the smoke 

plume or through total organic carbon (TOC) analysis of PILS BrC samples.  

Finally, another important aspect that should be improved in future work is to use 

results obtained for the soluble BrC fraction to obtain insights applicable for PM BrC 

absorption (e.g., MAC). SEC is a useful tool to extrapolate condensed-phase BrC 

absorption from soluble-phase data. As discussed in Chapter 2 and Chapter 3, we can 

look at SEC-PDA profiles at different sample concentrations and use mobile phases with 

different ionic strengths to extrapolate how absorption properties might look in the 

original PM phase (high ionic strength and concentrations). In addition, comparing the 

absorption from soluble BrC with absorption values obtained from online PM 

measurement (e.g., using optical measurement techniques) could also validate the SEC 

results. 

  

5.2.2 Fast screening method for BrC from different sources 

SEC-PDA is a bulk-absorption-oriented analysis method for BrC: instead of molecular-

level identification of BrC chromophores, this method separates BrC chromophores into 

major categories with similar properties and consequently helps to eliminate the large 

sample-to-sample variability associated with complex composition. The resultant 2D 

absorption density plots enable the study of the light-absorbing properties of BrC 
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chromophores over a wide range of wavelengths as a function of elution time, which is 

correlated with the molecular size and other properties of chromophores, such as polarity 

and molecular structure. This analysis provides a visual and intuitive result, making it 

easy to retrieve and compare BrC information for a large range of samples. Therefore, 

SEC-PDA has the potential to facilitate a rapid screening method for the major 

classifications of BrC types and aging degrees.  

Here, I suggest building a screening library of BrC focused on a range of broad 

classes (e.g., primary vs secondary, biomass burning vs coal combustion, BrC from 

different biomass fuels). Based on the results presented in Chapter 3, BrC generated from 

the combustion of the same fuel type would likely have similar SEC-PDA elution profiles 

(i.e., 2D absorption density plots). If this could be extended to a broader range of source 

and fuel types, researchers could identify the major source of a given BrC sample by 

comparing its SEC-PDA elution profile with data in the BrC screening library. This 

method could also be used to investigate the aging degree of ambient PM samples, as 

chromophores with different MW behave differently during atmospheric aging: low-MW 

chromophores are much more easily photobleached than high-MW chromophores, 

leading to changes in the SEC-PDA elution profile. Comparison of SEC-PDA elution 

profiles with those of fresh BrC from the same category could therefore provide 

information about a given sample’s aging degree. 

 In summary, this proposed BrC screening library could help atmospheric 

modellers to improve their ability to estimate the climate impact of wildfire smoke 

plumes in different regions based on their particular vegetation features. The library 

could also help atmospheric chemists to identify the major sources contributing to BrC 

light absorption, as well as exploring the potential degradation pathways of BrC 

chromophores during atmospheric aging. 

 

5.2.3 Study of fuel dependence of BrC absorption based on major 

categories of biomass types  

Another suggestion for future BrC work could involve cooperation with combustion and 

forest fire scientists to study the relationship between BrC optical properties and fuel 

materials. To date, both field and laboratory studies of the fuel dependence of PM optical 
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properties have been accomplished by studying BrC from a variety of biomass fuel types 

such as combustion of the same fuel materials from different species (e.g, wood from 

different types of trees). However, because a given fuel material usually consists of 

similar components—for example, wood is mainly composed of 65-70% carbohydrates 

(cellulose and hemicellulose) and 18-35% lignin on a dry weight basis1—BrC from wood 

combustion may have similar properties, regardless of the tree type. In this thesis, I 

studied BrC from the combustion of boreal peat samples with different sampling depths 

and moisture contents. Although the relative quantities of large and small chromophores 

were different for these samples, the SEC elution profiles for all boreal peat samples were 

generally similar to one another, but were all quite different from that of BrC produced 

from the combustion of foliage, another fuel type.  

In this context, I recommend that future studies of the BrC fuel dependence move 

from a detailed fuel characterization to a more general classification, and investigate BrC 

properties as a function of the major chemical composition of source fuel materials. One 

important factor influencing the composition of the final combustion products is the fuel 

elemental composition (e.g., the relative contents of C, H, O, and N): or example, as 

foliage contains more N than tree trunks and branches (i.e., wood),2 this type of fuel 

could lead to more PM phase nitro-aromatics, which are important BrC chromophores. 

Future research investigating fuel dependence could also be conducted instead based on 

the layers of forest fuel: the understory, midstory, and overstory—or surface, ladder, and 

crown fuels—to gain insight into the properties of wildfire BrC produced during different 

fire stages.3 

 

  

https://www.zotero.org/google-docs/?5LnI14
https://www.zotero.org/google-docs/?njJT4f
https://www.zotero.org/google-docs/?6rByz2
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Appendix A 
 

A.1 Supplementary text 

A.1.1  Calibration curves of polystyrene sulfonate (PSS) standards as a 

function of mobile phase composition  

To characterize our SEC column, we used PSS standards to construct calibration curves 

under a variety of mobile phase conditions (Figure A.1). We used log-linear fits of these 

calibration data (i.e., log MW of PSS standards versus retention volume; we excluded 

acetone from the fits, as we used it only as the marker for total permeation volume) to 

estimate the MW of SRHA, which we analyzed under the same conditions (Table A.1). 

As discussed in the main text, the SRHA MW estimates thus obtained changed 

substantially as a function of mobile phase composition. Here, we discuss these changes 

in more detail. 

The largest changes in estimated SRHA MW occurred when the mobile phase 

ionic strength was varied in the absence of organic modifiers: at 20 mM phosphate 

buffer, the estimated MW was ~3 kDa, whereas at 100 mM phosphate buffer, the 

estimated MW was >10 kDa. These results can be explained by differences in the three-

dimensional structures of PSS and SRHA, which lead to different susceptibilities to 

electrostatic effects. Specifically, because PSS is a strong polyelectrolyte with a linear 

structure,1 its elution behaviour is influenced both by ionic exclusion resulting from 

repulsion between its negatively-charged sulfonate groups and the negatively-charged 

column matrix and by chain expansion/coiling resulting from changes in the magnitude 

of ionic repulsion between neighbouring sulfonate groups.1,2 By contrast, because SRHA 

has a more branched and cross-linked structure,3 and contains only weakly acidic 

functional groups (e.g., carboxyl groups),4 it is less subject to ionic exclusion and its 

conformation is less influenced by intramolecular electrostatic effects. These structural 

differences lead to underestimation of SRHA MW at lower ionic strengths, due to the 

earlier elution of expanded and ionically excluded PSS standards, and overestimation at 

higher ionic strengths, due to the later elution of coiled PSS standards.  

https://www.zotero.org/google-docs/?GvJUSf
https://www.zotero.org/google-docs/?cdrD1g
https://www.zotero.org/google-docs/?yZVsMU
https://www.zotero.org/google-docs/?4A74c9
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An additional potential explanation for these variations in estimated SRHA MW 

involves hydrophobic interactions with the column matrix, which we expect to be 

significant at elevated ionic strengths.5 Indeed, in the presence of 100 mM phosphate 

buffer, addition of 10% MeOH led to a substantial decrease in the retention times of PSS 

standards. Because this addition had only a negligible effect on overall mobile phase 

ionic strength, these results suggest that the elution behaviour of PSS standards at high 

mobile phase ionic strengths is influenced substantially by hydrophobic interactions. By 

contrast, SRHA exhibited a negligible shift in retention time upon addition of 10% 

MeOH, which suggests that hydrophobic interactions are less important for this analyte 

and/or that this concentration of organic modifier was insufficient to mitigate any 

hydrophobic interactions that do exist. As a result of these different responses to organic 

modifier addition, the estimated SRHA MW was much lower in the presence of 10% 

MeOH (~4 kDa) than in its absence (~11 kDa). 

At lower ionic strengths, the effects of organic modifier addition are less 

pronounced: in the presence of 20 mM phosphate buffer, the estimated MW decreased 

from ~3 kDa at 0% ACN to <1 kDa at 50% ACN.  In the presence of ACN (25%), both 

PSS and SRHA eluted earlier than when phosphate buffer alone was used as mobile 

phase; at higher ACN contents, however, the retention time of SRHA remained relatively 

constant, whereas the PSS eluted even earlier. We suggest that these observations reflect 

the influence of both hydrophobic and electrostatic secondary interactions: although the 

addition of ACN suppresses hydrophobic interactions between the analytes and the 

column matrix, it also lowers the overall mobile phase ionic strength; as a result, the 

elution behaviour of these analytes at higher ACN contents is mainly determined by 

electrostatic effects. Because, as discussed previously, PSS is more susceptible than 

SRHA to ionic exclusion and intramolecular electrostatic effects, it eluted progressively 

earlier with increasing ACN content, which ultimately resulted in lower estimated SRHA 

MW values. We note that the addition of ACN also resulted in a reduction in the total 

permeation volume, as reflected by the earlier elution of acetone (see Table A.1); 

however, if this were the only factor underlying the earlier elution of PSS and SRHA, 

they would have been influenced identically, which was not the case. 

 

https://www.zotero.org/google-docs/?N317oI
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A.1.2  Quality control experiments  

Under our experimental conditions, solid residue rapidly built up on the quartz impactor 

plate; in order to minimize transfer of this insoluble material to the collection vials,6 we 

disassembled and cleaned the impactor plate and the stainless steel wick after every one 

or two experiments, depending on the smoke intensity. To exclude this and other 

potential PILS-specific sampling artifacts, we analyzed three additional sample types. 

First, to determine the importance of sample-to-sample carryover of sparingly soluble 

light-absorbing material, we analyzed wash flow samples collected before, during, and 

after combustion. Second, to assess the contribution of soluble gases to the observed light 

absorption profile, we conducted one experiment in which the PILS sample inlet was 

equipped with a HEPA filter (Brechtel). Finally, to assess the magnitude of absorbance 

contributions from background PM2.5 in the combustion facility, we sampled ambient 

laboratory air prior to commencing each day’s experiments. As shown and discussed in 

Figures A.4–A.6 and their associated captions, we do not expect our results to be 

affected by these considerations. 

 

A.1.3 Collection and preparation of quartz fiber filter (QFF) PM2.5 

samples  

To ensure that our observations reflected intrinsic BrC properties (i.e., were not specific 

to PILS-collected samples), we also analyzed aqueous extracts of PM2.5 samples collected 

simultaneously using quartz fiber filters (QFF). Here, combustion PM was sampled 

through a cyclone (5 LPM for PM2.5; SCC 1.829, BGI), which was placed at the same 

height as the PILS inlet; sample collection began at peat ignition and continued for 5 min. 

The PM2.5 flow was separated into two streams, each of which was controlled by a mass 

flow controller set to a flow rate of 2.5 L min–1; a laboratory vacuum downstream of the 

mass flow controllers maintained the sampling flow. PM2.5 was collected in one of the 

streams using a polycarbonate in-line filter holder (47 mm, Pall Laboratory) equipped 

with a 47 mm prebaked (500°C, 4 h) quartz fiber disc (Pallflex Tissuquartz Filters, Pall 

Laboratory). QFF samples were wrapped in pre-baked (500°C, 4 h) aluminum foil 

immediately after collection and refrigerated at 4°C until analysis. 

https://www.zotero.org/google-docs/?GCua42
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Immediately prior to extraction, QFF samples were subsampled using a 10 mm 

stainless steel arc punch (McMaster-Carr); for the sample studied here, 4 sub-punches 

were used for extraction. Sub-punches were placed in a 4 mL amber glass vial (Thermo 

Scientific) to which 1 mL deionized water was added. Vials were closed with acid‐

washed, PTFE‐lined caps (Thermo Scientific), sealed with Parafilm™, and placed on a 

laboratory shaker (multi-platform shaker, Fisher Scientific) for 1 h. Extracts were filtered 

with PTFE syringe filters (0.2 μm, 13 mm, Fisherbrand Basix) prior to SEC-PDA 

analysis. 

As shown in Figure A.7a, as was the case for the PILS BrC samples, the BrC 

chromophores in the QFF extracts fall into two fractions: a high-MW fraction with 

featureless absorption, and a low-MW fraction with a structured absorption profile in the 

UV region. Again, as was the case for the PILS BrC samples, the fraction of the total 

absorption contributed by the low-MW fraction increased with increasing mobile phase 

ACN content (Figure A.7b). These results support our conclusion that fresh BrC from 

boreal peat combustion is made up of chromophores with a wide range of sizes and 

polarities, and in particular show that the results discussed in the main text are not 

specific to the PILS sample collection system but rather reflect intrinsic properties of the 

emitted BrC. 

 

A.1.4 Integration procedure for SEC absorption density plots 

As shown in Figure 2 of the main text, the absorption density plots of our BrC sample 

change substantially with changes in mobile phase composition. To quantitatively 

compare the BrC absorption profiles observed under different mobile phase conditions, 

and to better understand how the size distribution of BrC chromophores changes as a 

function of organic modifier identity, we determined the total absorbance for the high- 

and low-MW fractions described in Section 3.2.2 of the main text as follows. For the 

high-MW fraction, which exhibited featureless, tailing absorption, we integrated from 

220 nm to 500 nm across its elution range. For the low-MW fraction, which eluted 

toward the total permeation volume and exhibited structured absorption, we integrated 

from 220 nm to the wavelength at which the total absorption across the elution range was 

less than 5% of its maximum value. To standardize contributions from background signal 
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noise, we integrated from the time associated with the end of the high-MW fraction to the 

time at which the total absorption (220–500 nm) was less than 5% of its maximum value.  
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A.2  Supplementary figures 

 

 
 
Figure A.1. Calibration curves of polystyrene sulfonate (PSS) standards as a function of mobile phase 

composition (mixture of buffer and organic modifier); here, buffer = 20–150 mM phosphate buffer (pH 6.8) 

and organic modifier = 0–50% (v/v) MeOH or ACN. Acetone retention times are also shown, but were not 

used for calibration.  
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Figure A.2. Absorption density plots for Suwannee River humic acid (SRHA) as a function of mobile 

phase organic modifier (ACN) content (v/v): a) 25%, b) 50%, c) 60%, d) 70%. In all cases, the remainder 

of the mobile phase was 20 mM phosphate buffer (pH 6.8).
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Figure A.3. Single-wavelength absorption chromatograms (300 nm) for fresh peat BrC (—), SRHA (—), 

and acetone (—) as a function of mobile phase phosphate buffer concentration (i.e., ionic strength). Mobile 

phases were prepared using three concentrations of phosphate buffer (pH 6.8): a) 10 mM, b) 20 mM, c) 40 

mM. In all cases, the mobile phase composition (v/v) was 50% phosphate buffer, 25% MeOH, and 25% 

ACN. 
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Figure A.4. Absorption density plots of PILS samples collected during/after peat combustion.  

 

During the sampling process, solid residue gradually accumulated on the PILS impactor 

plate and stainless steel wick. To minimize transfer of this material to the PILS sampling 

vials, we thoroughly cleaned the impactor plate and stainless steel wick after every one or 

two combustion experiments. To quantify sample-to-sample carryover of insoluble 

absorbing material from the PILS impactor plate, we collected samples for a total of ~35 

min (10 vials ×3.5 minutes per vial) after peat ignition for each combustion experiment. 

Here, we show results for PILS wash fluids collected at 0–3.5 min (W1), 3.5–7.0 min 

(W2), 10.5–14.0 min (W4), and 24.5–28 min (W8); “W “identifies the combustion 

experiment, and W1 is the sample discussed at length in the main text. These samples 

were analyzed under two organic modifier conditions: (a) 25% MeOH/25% ACN (v/v), 

(b) 40% MeOH/10% ACN (v/v). In both cases, the remainder of the mobile phase was 20 

mM phosphate buffer (pH 6.8).  As illustrated here, levels of BrC in the combustion 

facility were significantly reduced by 7 min after peat ignition; after an additional 7 min, 

the absorption intensity plot of the PILS wash fluid resembled that of blank wash fluid 

(DI water; see Figure A.4). Given these results, we conclude that carryover of insoluble 

residues built up on the PILS impactor plate and wick did not lead to positive biases in 

measured absorption profiles for subsequent experiments. 
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Figure A.5. Absorption density plots for a particle-free PILS sample. 

 

Biomass burning emits both particle- and gas-phase products. To determine whether our 

results were influenced by co-emitted gaseous species, we performed a control 

experiment in which a HEPA filter was attached to the PILS sampling inlet for the 

duration of peat combustion. Here, we burned the 10–15 cm subfraction of a peat sample 

collected at the same location as the sample discussed in the main text. The absorption 

density plots for the particle-free PILS sample (HEPA sample) were compared to those 

for a blank PILS wash fluid sample (DI water) under two organic modifier conditions: (a) 

40% MeOH/10% ACN (v/v), (b) 25% MeOH/25% ACN (v/v). In both cases, the 

remainder of the mobile phase was 20 mM phosphate buffer (pH 6.8). As shown here, the 

absorption density plots for the HEPA sample are quite similar to those for the DI water 

sample, which implies that light-absorbing interferences from gas-phase emissions are 

largely eliminated by the VOC denuder applied to the PILS sampling inlet during the 

combustion experiments performed in this study.
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Figure A.6. Absorption density plots for an ambient air PILS sample collected in the combustion 

laboratory. 

 

To assess the magnitude of absorbance contributions from background PM2.5 in the 

combustion facility, we sampled ambient laboratory air prior to commencing each day’s 

experiments. Background sampling was conducted for ~18 min; here, we show results for 

0–3.5 min (B31) and 14.0–17.5 min (B35) of the ambient air sampling process. These 

samples were analyzed under two organic modifier conditions: (a) 40% MeOH/10% 

ACN (v/v), (b) 25% MeOH/25% ACN (v/v). In both cases, the remainder of the mobile 

phase was 20 mM phosphate buffer (pH 6.8). Using these results, we estimate that the 

ambient background absorbance accounts for <7% of the total sample absorbance (here, 

the ambient background and sample absorption density plots were integrated over the 

same time and wavelength ranges), and conclude that interfering absorption from 

background PM2.5 in the ambient laboratory air is negligible in this study. 
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Figure A.7. SEC analysis of an aqueous extract of a simultaneously collected QFF PM2.5 sample.  

 

To verify that the results we describe in the main text were not PILS-specific, we also 

analyzed an aqueous extract of a simultaneously collected QFF PM2.5 sample. Here, we 

present a) absorption density plots and b) absorption contributed by high-MW and low-

MW BrC fractions for this extract under each of the following mobile phase organic 

modifier conditions: i) 50% MeOH / 0% ACN (v/v), ii) 40% MeOH / 10% ACN (v/v), 

iii) 25% MeOH / 25% ACN (v/v), iv) 0% MeOH / 50% ACN (v/v). In all cases, the 

remainder of the mobile phase was 20 mM phosphate buffer (pH 6.8). The results shown 

in Figure A.7b were calculated using the integration procedure described in Section 

A.1.4 of this document. 
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A.3 Supplementary tables 

 

Table A.1. Molecular weight (MW) of SRHA, as estimated via SEC analysis using PSS calibration curves 

constructed under different mobile phase conditions. 

 

Mobile phase                  

composition 

(PB = phosphate buffer, 

pH 6.8)  

Vt (mL) 

(acetone) 

 

 PSS (5580 Da) 

retention time 

(min) 

Equation of 

calibration curve 

SRHA 

Retention 

time 

(min) 

Estimated 

MW 

(Da) 

100% PB (20 mM)  13.4 7.746 y = -0.7745x + 9.7274 8.135 2672 

75% PB (20 mM), 25% ACN 12.0 7.303 y = -0.8922x + 10.229 7.796 1876 

65% PB (20 mM), 35% ACN  11.6 7.220 y = -0.9104x + 10.292 7.770 1652 

50% PB (20 mM), 50% ACN  11.0 7.020 y = -1.0788x + 11.308 7.721 951 

100% PB (100 mM) 13.7 9.679 y = -0.4056x + 7.6266 8.894 10451 

95% PB (100 mM), 5% 

MeOH 
13.4 9.041 y = -0.4944x + 8.1914 8.859 6479 

90% PB (100 mM), 

10% MeOH 
13.3 8.498 y = -0.5746x + 8.6156 8.811 3571 
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Table A.2. SEC retention time reproducibility for acetone and SRHA. As shown here, at a given mobile 

phase composition ((v/v), 50% organic modifier and 50% phosphate buffer at varying concentrations), and 

volumetric flow rate (for clarity, each operating condition is shown in a different colour), the retention time 

of both acetone and SRHA showed a high level of reproducibility over multiple injections. The variation in 

retention time for these analytes is less than 3% for this system. 

 

Date of 

analysis 

(all 2019) 

Retention time (min) 

Mobile phase composition  
Flow rate 

(mL min–1) 
acetone SRHA 

02-May 10.978 10.981 6.865 6.876 50%ACN, 10mM 1.000 

03-May 14.576 14.579 9.248 9.252 50%MeOH, 20mM 0.800 

06-May 11.092 11.059 6.426 6.419 50%ACN, 5mM 1.000 

09-May 10.988 10.988 6.352 6.366 50%ACN, 5mM 1.000 

10-May 11.169 11.169 6.701 6.707 25%MeOH/25%ACN, 10mM 1.000 

12-May 11.195 11.184 7.871 7.882 25%MeOH/25%ACN, 40mM 1.000 

30-May   9.122 9.126 40%MeOH/10%ACN, 20mM 0.800 

31-May 14.33 14.342 9.164 9.163 40%MeOH/10%ACN, 20mM 0.800 

12-Jun 14.277 14.276 9.209 9.214 40%MeOH/10%ACN, 20mM 0.800 

18-Jun 14.302 14.288   40%MeOH/10%ACN, 20mM 0.800 

26-Jun 14.266 14.264 9.094 9.093 40%MeOH/10%ACN, 20mM 0.800 

29-Jun 11.096 11.098 7.237 7.242 25%MeOH/25%ACN, 20mM 1.000 

30-Jun 14.283    40%MeOH/10%ACN, 20mM 0.800 

03-Oct 11.125 11.126   25%MeOH/25%ACN, 20mM 1.000 

04-Oct 14.385    40%MeOH/10%ACN, 20mM 0.800 

07-Oct 11.131 11.148   25%MeOH/25%ACN, 20mM 1.000 

08-Oct 14.372 14.385   40%MeOH/10%ACN, 20mM 0.800 

09-Oct 14.356 14.366 9.087 9.133 40%MeOH/10%ACN, 20mM 0.800 

11-Oct 14.272 14.292 9.034 9.097 40%MeOH/10%ACN, 20mM 0.800 

12-Oct 11.142 11.151 7.199  25%MeOH/25%ACN, 20mM 1.000 

15-Oct 10.985 10.991 7.459 7.488 50%ACN, 20mM 1.000 

16-Oct 14.268 14.285 8.969  40%MeOH/10%ACN, 20mM 0.800 

05-Nov     40%MeOH/10%ACN, 20mM 0.800 

06-Nov 14.297 14.261 8.941  40%MeOH/10%ACN, 20mM 0.800 

07-Nov 10.954 10.962 7.403  50%ACN, 20mM 1.000 

14-Nov 14.227  8.925  50%MeOH, 20mM 0.800 

15-Nov 10.942 10.947 7.4 7.348 50%ACN, 20mM 1.000 

18-Nov 14.264 14.276 8.95  40%MeOH/10%ACN, 20mM 0.800 

19-Nov 10.932 10.951 7.367  50%ACN, 20mM 1.000 
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Appendix B 
 

 

 

 
 
Figure B.1. Schematic experimental protocol of the sampling facility employed in this experiment. The 

biomass-burning aerosols were sampled 1m above the combustion site. Smoke was sampled into a particle-

into-liquid sampler (PILS) at a flow rate of 13.5~13.7 LPM through a PM2.5 inlet followed by a VOC 

denuder. The biomass-burning aerosols were sampled into a condensation chamber and mixed with a small 

flow of steam (100℃). Sampled particles were growing into droplets and collected on a quartz impactor 

plate. All the solid phase material was left on the quartz impactor plate and the water-soluble compounds in 

the particles were collected into the saturated water vapor to produce a continuous liquid flow at 

0.4~0.5ml/minute sampled by small vials (1.5ml) carried by autosampler. 
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Figure B.2. Absorption density plots of BrC samples collected from the combustion of peat swamped from 

different depths and treated with different drying procedures.  50% ACN was used as organic modifiers. In 

all cases, the rest of the mobile phases are 20 mM phosphate buffers (pH 6.8). The absolute absorbance 

reflects the smoke densities for each combustion. 
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Figure B.3. The changes of MEC for each combustion during the each burn; including 9 combustions of 

peat: 3 depths (surface layer, 0–5 cm; middle layer, 10–15 cm; and bottom layer, 25–30 cm) ×3 drying 

protocols (field moisture content; air-dried at 40°C for 7 and 14 days) as described in Section 3.2.1. 
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Figure B.4. The correlation between the peat properties and MCE; peat properties include the moisture 

content (g water g-1 peat) and (surface layer, 0–5 cm; middle layer, 10–15 cm; and bottom layer, 25–30 cm) 
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Figure B.5. Absorption density plots for spruce-BrC as a function of organic modifier conditions: 50% 

MeOH (v/v); 40% MeOH/10% ACN (v/v); 25% MeOH/25% ACN (v/v), (b) 50% ACN (v/v). In all cases, 

the remainder of the mobile phase was 20 mM phosphate buffer (pH 6.8). 
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Figure B.6. Absorption density plots of peat-BrC (peat-surface-wet, W1) as a function of duration of 

simulated photoaging (0–48 h). The mobile phase consisted of 50% phosphate buffer (20 mM, pH 6.8) and 

50% ACN as organic modifier.  

 

 

 

 

 

 

 

 

 



 
203 

 

 

Figure B.7. Absorption density plots of peat-BrC (peat-bottom-wet, H1) as a function of duration of 

simulated photoaging (0–48 h). The mobile phase consisted of 50% phosphate buffer (20 mM, pH 6.8) and 

50% ACN as organic modifier.  
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Figure B.8. Absorption density plots of peat-BrC (peat-bottom-dry, O1) as a function of duration of 

simulated photoaging (0–48 h). The mobile phase consisted of 50% phosphate buffer (20 mM, pH 6.8) and 

50% ACN as organic modifier.  
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Figure B.9. Absorption density plots of spruce-BrC (Y1) as a function of duration of simulated photoaging 

(0–48 h). The mobile phase consisted of 50% phosphate buffer (20 mM, pH 6.8) and 50% ACN as organic 

modifier.  
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Figure B.10. Absorption density plots of Suwannee River humic acid (SRHA) as a function of duration of 

simulated photoaging (0–48 h). The mobile phase consisted of 50% phosphate buffer (20 mM, pH 6.8) and 

50% ACN as organic modifier.  
 

 


