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ABSTRACT 

Particulate matter (PM) suspended in air varies in size from nanometers to 

micrometers and contains a wide range of chemical components, including organic 

compounds, black carbon (soot), inorganic minerals and metals. Atmospheric aerosols 

are generated from either primary sources like volcanic eruptions, re-suspended soil dust, 

sea spray, vegetative detritus, fossil fuel and biomass combustion emissions; or 

secondary atmospheric reactions via gas-to-particle conversion of atmospheric gases. 

Particle size, abundance, and chemical composition determine how a particle interacts 

with light and other atmospheric constituents (e.g. gases, water vapor) in addition to its 

impact on human health.  While atmospheric scientists have been working on 

characterizing atmospheric aerosols for many years, major gaps persist in understanding 

the properties of many globally-important sources.  This dissertation provides new 

understanding of the chemical composition of biomass burning and sea spray aerosols.  

PM emissions from biomass burning vary by fuel, and depend on fuel type and 

composition, moisture content, and combustion conditions.  Although biomass smoke is 

critically important in global climate and local-regional health impacts, the physical and 

chemical composition of biomass burning aerosol is still not fully understood in the case 

of peat, agricultural residues and cooking fires. The Fire Laboratory at Missoula 

Experiments (FLAME) were designed to fulfill these gaps to improve our understanding 

in both historically undersampled and well-studied fuels while adding new 

instrumentation and experimental methods to provide previously unavailable information 

on chemical properties of biomass burning emissions. Globally-important biomass fuels 

were combusted in a controlled environment, and PM was chemically characterized to 
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compute fuel based emission factors (EF) as the amount of chemical species released per 

unit mass of fuel burned. We showed that chemical composition of PM varies for 

different fuel types and certain fuels types (e.g., peat and ocote) emit considerably high 

concentrations of polycyclic aromatic compounds that are associated with negative health 

effects. We also showed that PM from biomass smoke contains fluoride for the first time, 

at approximately 0.1% by weight. With respect to the annual global emissions of PM due 

to biomass burning, this makes biomass burning an important source of fluoride to the 

atmosphere. Further, peatland fire emissions are one of the most understudied 

atmospheric aerosol sources but are a major source of greenhouse gases globally and 

cause severe air quality problems in Asia. This thesis provides the first field-based 

emissions characterization study, for samples collected at peat burning sites in Central 

Kalimantan, Indonesia. Using these EFs and estimates of the mass of fuel burned, it was 

estimated that 3.2 - 11 Tg of PM2.5 were emitted to atmosphere during 2015 El Niño peat 

fire episode which is ~10 % of estimated total annual PM flux for biomass burning. 

Overall, these studies computed more representative EFs for previously undersampled 

sources like peat, and previously unidentified chemical species like fluoride that can be 

used to update regional and global emission inventories.  

The concentration and composition of organic compounds in sea spray aerosol 

(SSA) alters its optical properties, hygroscopicity, cloud condensation, and ice nucleation 

properties and thus affects Earth’s radiative budget. In the past, SSA has been difficult to 

characterize, because of low concentrations relative to background pollutants. Nascent 

SSA was generated during a mesocosm, using a wave-flume at the University of 

California, San Diego and was characterized for saccharides and inorganic ions in order 
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to assess their relative enrichment in fine (PM2.5) and coarse (PM10-2.5) SSA and sea 

surface microlayer (SSML) relative to seawater. For the first time, we showed that 

saccharides comprise a significant fraction of organic matter in fine and coarse SSA 

contributing 11 % and 27 %, respectively. Relative to sodium, saccharides were enriched 

14-1314 times in fine SSA, 3-138 times in coarse SSA, but only up to 1.0-16.2 times in 

SSML. The saccharide and ion concentration in SSML and persistent whitecap foam was 

quantitatively assessed by another mesocosm study performed under controlled 

conditions. We demonstrated that relative to sodium, saccharides were enriched 1.7-6.4 

times in SSML and 2.1-12 times in foam. Higher enrichment of saccharides in foam over 

the SSML indicates that surface active organic compounds become increasingly enriched 

on aged bubble film surfaces. Similarly, we showed that fine SSA contains saccharides 

characteristic of energy-related polysaccharides, while coarse SSA contains saccharides 

that are characteristic of structure-related polysaccharides. The ultrafiltration studies 

showed that structure-related polysaccharides effectively coagulate to form large 

particulate organic matter and size is likely the reason for their exclusion from small 

SSA. The enrichment of organic species in SSML, foam and SSA led to an enrichment of 

inorganic ions probably through chelation with organic molecules. Mean enrichment 

factors for major ions demonstrated the highest enrichment in fine SSA for potassium 

(1.3), magnesium (1.4), and calcium (1.7). Consequently, due to these organic and 

inorganic enrichments, SSA develops a significantly different chemical profile compared 

to seawater. These improved chemical profiles of SSA should be used to develop 

laboratory proxies to further study the transfer of organic matter across the ocean-air 

interface and the physical properties of SSA. . 
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Overall, the results presented in this dissertation provide new chemical profiles 

for previously understudied emission sources like peatland fire emissions, and previously 

unquantified chemical species like F- in biomass burning emissions and enrichment of 

saccharides and ions in SSA. These data could be used in updating regional and global 

emission inventories, atmospheric modeling and human exposure studies.  
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PUBLIC ABSTRACT 
 

The air around us contains very small particles that vary in size and chemical 

composition. These particles can scatter sunlight reducing the amount that reaches to the 

Earths’ surface and overall cool the earth. Human exposures to atmospheric particles are 

linked to negative health impacts. Because the properties of particles determine their 

climate and health impacts, my research focuses on understanding the chemical 

composition and fluxes of particles emitted to the atmosphere from biomass fuel burning 

and sea spray. New chemical profiles for the combustion of globally-important fuels, 

such as conifers, agricultural residues, grasses, peat and cookstoves were developed and 

fuel-based emission factors (the mass of particles emitted from burning one kilogram 

fuels) were determined. This allowed for estimation of the amount of particles emitted to 

the atmosphere during the 2015 Indonesian peatland fires and the role of biomass burning 

in the global fluorine cycle. The estimated F- flux from biomass burning is comparable to 

total fluorine emissions from anthropogenic sources and biomass burning emissions were 

identified as a major source of fluorine to the atmosphere.  In my work related to particles 

emitted from sea, we found that organic compounds such as carbohydrates and inorganic 

ions such as calcium are selectively transferred to atmosphere across the air-water 

interface. Therefore, chemical composition in sea spray is different than that of seawater. 

Further, some carbohydrates in seawater coagulate and we hypothesize due to their size, 

they are likely excluded from small aerosol particles, making carbohydrate composition 

in small and large aerosols distinct from one another. These chemical profiles will enable 

better representation of biomass burning and sea spray emissions and their chemical 

properties in atmospheric models and laboratory studies. 
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CHAPTER ONE 

INTRODUCTION 

1.1  Atmospheric Aerosols 

Atmospheric aerosols or particulate matter (PM) are solid and/or liquid particles 

suspended in air. These aerosols vary in size from 1 nm to 100 µm. Aerosols are 

categorized based on their size. Broadly, atmospheric aerosols can be categorized into 

three major size categories, namely coarse, fine and ultra-fine. Fine particles correspond 

to those less than 2.5 µm and coarse particles refer to particles in the size range of 2.5 – 

10 µm in diameter; these two fractions accounted for a substantial fraction of the aerosol 

mass.1-3 Ultrafine particles have diameters <0.1 µm and dominate the particle number 

distribution of atmospheric aerosols.2  In the troposphere, the typical total particle number 

concentration varies between 102-105 particles per cubic centimeter  and mass 

concentration range 1-100 µg m-3.1 However, the size distribution, number and mass 

concentration of aerosols in the atmosphere are highly variable, both temporally and 

spatially due to different generation mechanisms, atmospheric aging, atmospheric 

dilution and long range transport.4, 5   

Atmospheric aerosols are generated from either primary sources or secondary 

atmospheric reactions as shown in Figure 1.1.6 Primary aerosols  originate from a wide 

variety of natural and anthropogenic sources like periodic volcanic eruptions, wind-

driven or traffic related resuspension of soil dust, sea spray, fossil fuel and biomass 

combustion. Secondary atmospheric aerosols are formed by gas-to-particle conversion of 

atmospheric precursor gasses via atmospheric reactions. Combustion generated particles, 

such as those from biomass burning, automobile engines and fossil fuel burning can be 
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small as few nanometers and as large as 1 µm. Secondary atmospheric aerosol is also 

found mainly smaller than 1 µm. On the other hand, windblown dust, plant pollens, 

vegetative detritus, bacterial and fungal spores are generally few micrometers in size and 

can be as large as 100 µm.2 Generally, high particle concentration are observed near the 

source (e.g. near a busy road) and it decreases at remote locations due to atmospheric 

dilution.1, 2  

PM originates from one location can be transported long distances by wind. 

During long range transport, the aerosol particles encounter different atmospheric gases, 

moisture and sunlight, and undergo surface and multi-phase chemical reactions altering 

the chemical and physical properties of the primary aerosol particle.7-11 Further, gas phase 

molecules can nucleate new particles or condense on to existing primary particles to form 

secondary aerosols via various chemical reactions affecting the composition of the 

atmospheric PM.12-17 Further, both chemical composition of the particle and number of 

particles changes significantly during the different time of the year.18 Aerosol that are 

produced photochemically (e.g. ammonium sulfate, secondary organic aerosol) usually 

have higher concentrations during summer and lower concentration during winter due to 

elevated temperatures, relative humidity and daylight.17      

 

1.2 Chemical Composition of Aerosol 

Ambient aerosols are a complex chemical mixture of carbonaceous compounds, 

inorganic ions, crustal materials and water vapor.2 Carbonaceous aerosols are divided 

into two categories named as elemental carbon (EC) and organic carbon (OC). EC (a.k.a. 

black carbon (BC)) enters the atmosphere exclusively as primary emissions due to 

incomplete combustion of fossil fuel and biomass. OC is comprised of aliphatic and 
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aromatic hydrocarbons with diverse functional groups that are produced from both direct 

emissions from sources like biomass and fossil fuel burning, and by atmospheric 

oxidation of precursor gases.13, 17, 19-22 In general, EC and OC contribute 30-50 % of total 

PM mass.4, 17, 23Apart from the organic constituents, inorganic ions in the atmospheric 

aerosol also comprise  20-40 % of ambient PM2.5 by mass.4, 16, 17, 23, 24 Sulfate (SO4
2-) and 

nitrate (NO3
-) anions, the predominant forms of atmospheric acid derivatives, are formed 

in the atmosphere mainly as secondary products of sulfur oxides (SOx) and nitrogen 

oxides (NOx), respectively.12 Atmospheric particles containing elements such as calcium 

(Ca), magnesium (Mg), aluminum (Al), iron (Fe), titanium (Ti) and silica (Si) primarily 

originate from earth crust that is generated by windblown soil.12 Particles containing 

transition metals (e.g. Zn, Pb, Mn, Cr, Cu, Ni) are associated with anthropogenic 

emissions such as coal and fossil fuel combustion, and industrial activities.5 The chemical 

composition of particles are directly related with its emission source: marine aerosols are 

dominated by NaCl, desert aerosols are dominated by silica, peatland fire emissions are 

dominated by OC, and remote-continental and free-tropospheric aerosols are dominated 

by secondary aerosols.2, 25 Thus, the chemical composition of atmospheric aerosols can 

state important insights to their source.  

The chemical composition of fine and coarse particles is also different. Fine 

particles contain primary particles from combustion emissions and secondary aerosols 

formed by chemical reactions resulting in gas-to-particle conversion.16, 23, 26 Coarse 

particles are primarily produced either by mechanical processes like re-suspended soil 

dust, fly ash, ocean wave breaking and tire wear or biological particles like pollens, 

fungal spores and vegetative detritus.12, 23, 27, 28 
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1.3  Importance of Aerosol 

Atmospheric aerosols play an important role in the environment due to its 

influence on atmospheric physio-chemical processes, the Earths’ radiative balance and 

climate, and human health.1, 12, 29 

 

1.3.1  Effects on Atmospheric Physio-chemical Processes, Radiative Balance and 

Climate  

The size and chemical composition of PM affect its aerosol physical properties 

such as hygroscopicity, cloud condensation and ice nucleation activity, and radiative 

forcing.30-33 The hygroscopicity of atmospheric aerosols describes how these particles 

interact with water vapor. When relative humidity (RH) exceeds the deliquescence 

relative humidity (DRH) water vapor spontaneously absorbs onto the particle and it 

substantially increases in size.34 The hygroscopic properties of PM can vary based on 

their chemical composition. Hydrophobic soot particles do not change their size in the 

presence of water vapor while particles containing water soluble materials (e.g. inorganic 

ion, salt, water soluble organic compounds) effectively grow in size.32, 35, 36 At 

supersaturation of water vapor (RH>100%) some aerosol particles can act as cloud 

condensation nuclei (CCN) or ice nuclei (IN) to form liquid cloud droplets or ice crystals 

that contribute to cloud formation that will ultimately bring precipitation to the Earth’s 

surface.37 Clouds as well as atmospheric aerosols scatter solar radiation and reduce the 

amount of solar radiation reach the Earth’s surface that is known as indirect and direct 

radiative forcing.38, 39 However, some aerosols such as black carbon can absorb solar 

radiation and contribute to global warming.40 The magnitude of aerosol radiative forcing 
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ranges from +0.42 W m-2 to -1.8 W m-2 and this values are dependent on the chemical 

composition and physical properties of the PM.38 Thus, understanding the chemical 

composition of PM will provide insights to understanding the physical properties of 

aerosol and their climate interactions, and in turn will guide towards the strategies to 

mitigate climate effects. 

 

1.3.2  Effects on Human Health 

Exposures to high levels of atmospheric aerosols have been linked to negative 

health effects and mortality around the world.41-46 In particular, inhalation of PM can 

exacerbate respiratory and cardiovascular diseases and in extreme pollution conditions 

can even cause death.42, 45, 47  Due to this underlying connection between atmospheric 

aerosols and human health, World Health Organization (WHO) has established a 

guideline of 25 µg m-3 averaged over a 24 hour period.48 However, extreme pollution 

conditions such as forest fires can increase the ambient particulate matter concentration 

nearly two orders of magnitude higher than the levels recommended by WHO.49 Usually, 

the majority of the ambient aerosol mass is comprised of low-toxicity compounds such as 

organic carbon, soil dust, inorganic minerals (e.g. (NH4)2SO4, NH4NO3, KCl, NaCl) and 

particle bound water.5, 17 Soot, polycyclic aromatic hydrocarbons (PAHs), transition 

metals and endotoxins have low atmospheric abundance, but are capable of contributing 

adverse health effects.5, 17, 25, 27, 50-52 However, certain emissions from particular sources 

like exhaust smoke of plastic and tire burning, welding, coke-oven, aluminum smelting, 

diesel and gasoline engines contain harmful species such as PAHs and trace metals.53-56 

Therefore, the chemical composition of PM is expected to be an important determinant in 
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its health outcome and useful for setting up occupational exposure limits and human 

exposure studies. 

 

1.4  Sea Spray Aerosol 

Oceans cover 70 % of the Earth’s surface and are a major source of primary 

aerosol emission.57-61 The annual global flux of sea spray aerosol (SSA) has been 

estimated as 2-100 Pg yr-1 which is comparable to total annual dust emissions.12, 58, 59, 61 

SSA particles are formed via wave breaking at wind speeds greater than 5 m s-1 at which 

air is entrained into the ocean water and dispersed into small bubbles that rise through the 

water column to the surface and burst.61 First, the bubble cap disintegrates into tiny 

droplets, typically less than 1 µm in diameter (film drops) and then inner bubble cap of 

the collapsed bubble retracts to a vertical cylindrical jet that create another set of droplets, 

typically 1 to 25 μm in size (jet drops) as shown in Figure 1.2.60, 62-64 Film drops and jet 

drops together form SSA that have longer atmospheric lifetimes (~5 days) and 

consequently important in atmospheric chemistry and aerosol-climate interactions.60  

 Due to their hygroscopicity and size, SSA act as effective CCN and plays a 

significant role in cloud formation affecting earths’ radiation budget.32, 65, 66 It has been 

estimated that direct and indirect radiative forcing of SSA cause a reduction of the 

radiation reaching the ocean surface by 0.08-6 W m-2.63 However, most climate models 

still treat SSA as pure sea salt (NaCl) or similar in composition to seawater, thus the 

climate predictions by these models have large uncertainties and considerable deviations 

from observations.58, 60, 63, 67, 68 This is primarily due to our limited understanding of the 

molecular level composition of SSA that alter the aerosol physical properties like 
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hygroscopic growth, cloud condensation and ice nucleation activity.32, 69 Thus, 

characterizing the chemical composition of SSA is required for accurate modeling and 

estimation of aerosol radiative influence and cloud microphysical properties.58, 63, 70  

The attempts taken to characterize SSA go as far back as 1940s. Scientists 

reported human respiratory irritants in the air blowing via areas with higher algal growth, 

implying the emission of seawater components to the atmosphere.71 In the recent past, 

with improved analytical techniques and advanced instrumentation a significant effort has 

been put into physical and chemical characterization of SSA.60 It was discovered that 

significant fraction of SSA could actually be organic matter and sometimes, contributing 

to more than 90 % of the particle mass depending on the particle size.22 The relative 

amount of organic matter to salt in SSA is far higher than that of seawater, with the 

greatest organic-to-salt enrichment occurring in smaller particle sizes.72, 73 The 

mechanism proposed for this enrichment is the scavenging of surface-active organic 

matter by rising bubbles and the rise of organic colloids through positive buoyancy. This 

leads to the accumulation of organic matter at the sea surface microlayer (SSML) and 

selectively transfers to SSA in the process of bubble bursting.74-81 Further, organic 

molecules could complex with inorganic ions in seawater and selectively transfer them to 

SSA that can lead to a different salt composition in aerosol than bulk seawater. 

 

1.5  Biomass Burning Aerosol 

Fire has been used since early stages of human evolution as an effective tool for 

cooking, heating and lighting, and more recently as a land management tool and for 

industries.82, 83 Biomass burning is a major source of atmospheric aerosols and annual 
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flux of total PM is estimated to be 82.4 Tg yr-1.84 In general, 80-90 % of biomass burning 

aerosols are in fine mode (typically dp < 1 µm) and is the largest source of primary fine 

carbonaceous aerosols to the atmosphere.26, 84, 85  

Typically, biomass burning aerosols are composed 50-60 % of organic carbon, 5-

10 % of elemental carbon and 10-15 % of inorganic ions. These aerosols effectively 

scatter and absorb solar radiation due to high content of organic and black carbon, and 

could have both positive and negative radiative forcing effects. Further, smoke particles 

can act as effective CCNs and INs affecting the cloud formation and cloud properties. 

Higher smoke levels reduce visibility affecting day-today human activities and cause 

negative health and environmental impacts.86-89 

Remote sensing techniques along with atmospheric transport and chemistry 

models are used to estimate the global biomass emissions (Figure 1.3).90-93 In order to 

compute robust model estimates of biomass emissions, accurate data of aerosol emissions 

from biomass fires are required. Model input parameters require metrological and 

atmospheric conditions, total burned area and emissions per unit area during a fire event. 

The emissions per unit area is calculated using amount of biomass burned and fuel based 

emission factors (EF), the amount of chemical species released per unit mass of fuel 

burned which should be experimentally determined.84, 94 However, the estimated fluxes of 

biomass burning aerosols using this approach show large variations (20-75 %) across 

different studies. The reason for this discrepancy is largely due to use of different EFs 

that are not representative to the emission source.93 Since biomass smoke is an important 

source of atmospheric aerosols, in recent past number of studies focused on the 

characterization of biomass burning emissions in order to compute representative EFs 
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and build source profiles to use for atmospheric, climate and source apportionment 

molding.93 Apart from traditionally measured forest and savanna fuels, these studies 

tested a wide range of fuel types collected from different ecosystems including some 

rarely studied sources like foliage, organic soil and fuels commonly burned in residential 

or industrial use (e.g. agricultural residue, fuelwood, cow dung). 94-100 However, up-to-

date only few studies have focused on comprehensive measurements of both gas-phase 

and particulate-phase emissions.50, 96, 98, 100 Further, EFs of biomass burning PM is highly 

dependent on fuel type (soft wood, hard wood, grass, organic soil), fuel moisture content 

and burning condition (flaming vs smoldering).94, 98, 101 Thus, more studies are needed to 

understand the emission variation of PM under different burning conditions. Therefore, 

calculating representative EFs for biomass burning PM via laboratory and in-situ field 

measurements will advance the biomass burning emission inventories and global model 

estimates.  

 

1.6  Overview of Thesis Chapters  

The research presented in this dissertation focuses on chemical characterization of 

biomass burning and sea spray aerosol. The chapters on biomass burning aerosols discuss 

the emission factors of PM2.5 mass, EC, OC, organic species, water-soluble inorganic ions 

and metals in biomass burning aerosols. The chapters on sea spray aerosol is focused on 

the enrichment of organic carbon, carbohydrates, divalent cations and metals in sea 

surface microlayer, whitecap foam and sea spray aerosols.  

A variety of experimental procedures were utilized in this study. Chapter 2 

discusses the experimental procedures including aerosol collection, instrumental analysis, 
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quality control, and data collection methods that are common across the studies reported 

herein.  

Chapter 3 presents the chemical composition and  computed EFs of PM2.5 emitted 

from biomass combustion, representing seven different fuel categories including conifers, 

agricultural residues, grasses and other perennials, peat, cook stoves, trash and shredded 

auto tires which were rarely sampled in previous studies.  

Chapter 4 discusses the emissions of fine particle water-soluble fluoride (F-) from 

biomass burning which represents a major and previously uncharacterized source of F- to 

the atmosphere.  

Chapter 5 presents the first comprehensive chemical characterization of PM2.5 

which was collected from authentic in-situ peat smoke during the 2015 El Niño peatland 

fire episode in Central Kalimantan, Indonesia and total gas and particulate emission 

estimates for this fire episode. 

Chapter 6 discusses the enrichment of OC, saccharides, and inorganic ions in 

nascent SSA, and how the selective transfer across the air-water interface leads to 

chemical differences in SSA from bulk seawater, and the influence of the ocean biology 

in this phenomenon.  

Chapter 7 describes the enrichment of dissolved organic carbon (DOC), 

carbohydrate and metals in the sea surface microlayer and whitecap foam over a full 

phytoplankton bloom cycle and selective transfer of certain saccharide types from bulk 

seawater to bubble film surface where SSA is generated. 

Finally, chapter 8 provides the conclusions and future directions for research on 

the chemical composition of biomass burning and sea spray aerosol. 
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The research projects described in chapters three to seven involved many 

collaborations, with me as the scientific leader of the work presented herein. The 

contributions of each co-author are listed in each respective chapter.  In addition to the 

research findings presented in this thesis, I have contributed many other research projects 

during my graduate studies. The EC OC data presented in chapter 3 was used to 

parameterize aerosol single scattering albedo, absorption Ångström exponent and IN 

activity.36, 86, 89, 102 The EFOC and EFEC data of in-situ peat fire emission study presented 

in chapter 5 were used to evaluate the aerosol optical properties and these were compared 

with online photoacoustic extinctiometeric (PAX) measurements.49 The concentration 

and enrichment factors of OC, saccharides and inorganic ions presented in chapter 6 were 

used to explain the influence of ocean biology on SSA composition, selective transfer 

pathways of organics matter and inorganic ions to SSA and to assess physical properties 

of SSA.66, 103, 104 Further, the seawater, SSML and SSA samples described in chapter 6 

were extracted and analyzed for anionic surfactants in order to understand the selective 

transfer of surfactants to SSA.105 Laboratory experiments were performed to investigate 

this selective transfer across the sea-air interface and led to the understanding that surface 

activity of the organic molecules play a key role in chemical selectivity.72 My studies 

were also focused on chemical characterization of PM emitted from understudied 

emission sources in Nepal (e.g cookstoves, motorcycles, garbage burning, brick kilns).50, 

96 Apart from primary source-aerosol characterization, I contributed to sample and 

analyze secondary organic aerosols, tire burning smoke, and bioaerosols in Iowa17, 18, 27, 56 

and secondary organic aerosol in Centreville, Alabama.106 Finally, these research work 

will help to fill certain knowledge gaps exist in current literature.  
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Figure 1.1: A schematic of the major sources contribute to atmospheric aerosols. This 
figure illustrates the examples of primary aerosol sources and atmospheric 
reactions to form secondary aerosols. The aerosol production sources could 
be natural (e.g. combustion, sea spray, dust) or anthropogenic (e.g. 
industrial). The figure is adapted from reference 6.  

  

Sea spray Biomass 
burning 
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Figure 1.2: A schematic of SSA generation by bubble bursting mechanism via film drop 
and jet drop formation. 
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Figure 1.3: A fire map computed by NASA for the period of 28th September – 7th 
October, 2015 using Moderate Resolution Imaging Spectroradiometer 
(MODIS). The red colored dots are locations where fire was detected at least 
once during that period. Yellow color indicates areas with high fire count 
frequencies. (The image was downloaded from https://lance.modaps. 
eosdis.nasa.gov /cgi-bin/imagery/firemaps.cgi. Credits: Fire maps were 
created by Jacques Descloitres. Fire detection algorithm developed by Louis 
Giglio. Blue Marble background image created by Reto Stokli). 
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CHAPTER TWO 

EXPERIMENTAL METHODS 

Experimental procedures commonly utilized in sample collection, extraction and 

analysis of particulate matter are discussed here, with specific details of each study 

provided in the corresponding chapters. 

 

2.1  Collection of Particulate Matter from Sea Spray and Biomass Burning 

Emissions 

Fine (PM2.5) and coarse (PM10-2.5) particles were collected using commercial and 

custom-built aerosol samplers. A typical aerosol sampler consists with an air inlet, a 

particle separation device, a filter holder, an oil-free mechanical pump, a flow controller 

and a flow meter.107 The mechanical pump draws the air through the sampler inlet at a 

constant flowrate that is typically measured by flow meters. The air flow is directed to a 

particle separation device that separates particles based on their aerodynamic diameter, 

defined as the diameter of a sphere with a unit density (1 g cm-3) that has the same 

settling velocity in air as the considered particle. The particle separation device is 

typically a cyclone precipitator or an impactor.  

A cyclone precipitator, a modification of the centrifuge technique, is based on 

introducing the air mass at a high velocity into a vessel that consists of an upper 

cylindrical part and a lower conical part. The tangential introduction of air into the 

cyclone creates a downward vortex inside the cyclone, and at the bottom of the lower 

conical part, the air vortex spirals upward through the center and leaves out from the top 

of the cyclone creating a double vortex inside the cyclone body (Figure 2.1). The 
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particles in the spinning air mass are subjected to a centrifugal force towards cyclone 

walls that is proportional to the particle mass. Simultaneously, particles undergo an 

opposite fluid drag force due to upward movement of air at the center of the cyclone. The 

centrifugal force towards the cyclone wall overcome the opposite drag force for larger 

particles with heavier mass due to their higher inertial momentum. Thus, they impact on 

cyclone wall and are removed from air and collect at the dust cup located at the bottom of 

the cyclone. Smaller particles have higher drag force than inertial momentum and follow 

the vortex and escape from the top of cyclone as shown in the Figure 2.1. The cyclone 

geometry and the velocity of the air mass together determine the cut-off particle diameter. 

Thus, adjusting the air mass velocity by changing the flow rate can regulate the particle 

size that is removed by the cyclone.108 

Impactors typically contain an impaction surface placed across the path of the air 

stream that separate particles from the flowing air stream. The impaction inlet is 

positioned above the center of the impaction plate causing the air flow to stream around 

it. The larger particles with heavier mass have higher momentum, thus cannot bend 

sharply to follow the air flow path. Therefore, they impact on the plate and are removed 

from the air stream. The smaller particles that have lower masses have lower momentum 

and manage to follow the air flow path to the second impaction chamber. The second 

impaction inlet nozzle is narrower than the first, thus air velocity is higher than the first 

impaction chamber. Due to increased air velocity particles gain a higher momentum and 

the particles that cannot follow the air flow path impact on the second stage and are 

removed from the air stream. The rest of the particles follow the air flow path and 

continue to the next chamber and so on. The impactor dimensions and air velocity are 
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chosen such that particles smaller than the desired cut-size follow the air flow and escape 

the impaction plate, while larger particles deviate from the main air flow, impact and are 

removed from the main air steam as shown in Figure 2.2.107 

The impaction plates are typically aluminum substrates, glass plates or filters. If 

particles do not stick on the impaction surface, they can bounce back into the main gas 

stream, break into fragments by collision and re-enter into the air stream or can re-

suspend the previously impacted particles by continuous air flow. To overcome these 

issues virtual impaction is involved in atmospheric PM sampling in which the air stream 

impacts against a mass of relatively still air instead of a solid surface. The larger particles 

travel into the still air mass and are slowly collected on a filter. Smaller particles with less 

inertia follow the major air flow and deposit on another filter located in the main air flow 

downstream as shown in Figure 2.3. In atmospheric PM sampling virtual impactors are 

used to separate two size fractions simultaneously, typically fine and coarse. 

Unlike cyclone precipitators that have single size-cut, impactors are used to 

separate several particle sizes into separate bins simultaneously. Dichotomous samplers 

and cascade impactor samplers (e.g. micro-orifice uniform deposit impactor (MOUDI)) 

are commonly used atmospheric particulate samples that use an impactor as a particle 

separation device.107, 109    

 

2.2 Substrates for Particulate Matter Collection 

Particles were collected on to quartz fiber filters (QFF) and Teflon filters (Pall, 

Life Sciences). QFF were pre-baked at 550 °C for 18 hours before sample collection to 

remove organic contaminants and stored in pre-cleaned aluminum foil-lined petri dishes 
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sealed with Teflon tape. Teflon filters were stored in plastic petri dishes sealed with 

Teflon tape and always handled with metal-free utensils. Field blank filters, that are 

collected in a similar way to sampled filters but without drawing air through it, were 

collected for every five sample filters to evaluate contamination from filter handling, 

transport and storage. Filters were stored in a freezer at -20 °C before and after sample 

collection. Specific details about sample collection in each study will be discussed in 

each corresponding chapters. 

 

2.3  Determination of Aerosol Mass  

Before and after sample collection Teflon filters were conditioned for 48 hours in 

a desiccator and weighed using an analytical microbalance (Mettler Toledo XP26) in a 

temperature (~25 ⁰C) and humidity (~40%) controlled room. PM mass was calculated as 

the difference of pre-and post-sampling filter weights, which were determined in 

triplicate. The micro-balance is very stable over the replicate measurements and standard 

deviation is typically <5 µg. The uncertainty in the PM mass measurement was 

propagated using the standard deviation of triplicate measurements of pre- and post-

sampling filter weights, the standard deviation field blank values, and 10 % of the PM 

mass concentration, which is a conservative estimate of the analytical error associated 

with this measurement. 

    

2.4  Analysis of Organic Carbon and Elemental Carbon 

Organic carbon (OC) and elemental carbon (EC) were determined following the 

NIOSH 5040 method or ACE-Asia protocol on 1.0 cm2 punches of QFF (Sunset OC-EC 
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Aerosol Analyzer, Sunset Laboratories, Tigard, OR).110, 111 Uncertainty in OC 

measurements was propagated from the standard deviation of the field blank OC levels 

and 5% the OC concentration, a conservative estimate of the precision error in replicate 

sample analysis.110 Uncertainty in EC measurements was propagated from the 

instrumental uncertainty (0.05 µg cm-2), 5% of the measured EC, and 5% of pyrolyzed 

carbon, which refers to organic carbon that charred during analysis. 

 

2.5  Extraction and Analysis of Water-soluble Organic Carbon 

A sub-sample of QFF filters was extracted into 15.0 mL of >18.2 MΩ resistivity 

ultra-pure water (Thermo, Barnstead Easypure II) using acid washed (10% nitric acid) 

and freshly pre-baked (550 °C for 5.5 hours) glassware and subsequently analyzed for 

water soluble organic carbon (WSOC) using a total organic carbon (TOC) analyzer (GE, 

Sievers 5310 C) in triplicate measurements. Inorganic carbon was removed by an 

inorganic carbon remover unit that equipped with the TOC analyzer (GE, Sievers ICR). 

Instrumental detection limits (IDLs) were determined as three times the standard 

deviation of ten replicate injections of the lowest calibration standard and were 35 µg C 

L-1. The method detection limit (MDL) was 95 µg C L-1 which was determined as three 

times the standard deviation of seven replicate extractions and analyses of a sample to 

which a WSOC standard at three times the IDL was added.  WSOC was quantified using 

a standard calibration curves prepared from potassium hydrogen phthalate (Ultra 

Scientific). The uncertainty of WSOC measurements was propagated from the standard 

deviation of the triplicate measurements, standard deviation of the field blank WSOC 

levels and 10% of the extract WSOC measurement. The water insoluble fraction of 
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organic carbon (WIOC) was calculated by subtracting the WSOC concentration by total 

OC concentration and uncertainty was propagated from individual uncertainties of the 

two values. 

 

2.6  Extraction and Analysis of Carbohydrates 

2.6.1  Materials for Standard Preparation 

Xylitol, D-mannitol, L-arabinose, D-glucose, D-xylose, D-fructose (Sigma-

Aldrich), erythritol, D-arabitol, D-trehalose, L-fucose, inulin (Alfa-Aesar), L-rhamnose, 

D-mannose, D-ribose, dextrin (Acros Organics), D-galactose, sucrose (Fisher) at > 99 % 

purity were used for standard solution preparation. Analytical grade sodium hydroxide 

(50 %) (Fisher) was used for mobile phase preparation and, hydrochloric (Fluka), nitric 

(Fisher), sulfuric (BDH) and trifluoroacetic acid (Reagent-World) used for hydrolysis. 

Ultra-pure water (Thermo, Barnsted EasyPure-II; 18.2 MΩ resistivity) was used in 

solution preparation. 

 

2.6.2  Acid Hydrolysis 

Four strong acids, hydrochloric, sulfuric, nitric and trifluoroacetic acids (TFA) 

were tested as hydrolyzing agents to break oligo- and polysaccharides into their 

monomers.112 The use of hydrochloric, nitric and sulfuric acids led to chromatographic 

interferences at 8.8-10.2 minutes, interfering with measurement of ribose and sucrose. 

Therefore, TFA was selected as the hydrolyzing agent, because it did not exhibit this 

interference. Mild hydrolysis conditions of 0.1 M TFA and 100 ⁰C were used based on 

the recommendations of prior studies.112 The optimum hydrolysis time was determined 
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by kinetic experiments. In this regard, the standard solutions of glucose, sucrose, inulin, 

dextrin, and an aliquot of a marine sample (day 3 foam) were hydrolyzed and analyzed 

after 15, 30, 60, 120, 240, 480, 720 and 1440 minutes to monitor the release of glucose 

and/or fructose. Additional sample preparation steps such as neutralization and 

desalination were not carried out during sample preparation in order to minimize the 

analyte loss.113, 114 The results of the kinetic experiment is given in Figure 2.4.   

The concentration of glucose standard did not significantly change over the entire 

experiment confirming the stability of glucose under these conditions. Sucrose and inulin 

were completely hydrolyzed after 60 minutes while dextrin and day 3 foam sample 

slowly hydrolyzed and peaked after 720 minutes. Based on these results, 720 mins (12 

hours) was determined to be the optimum hydrolysis time, which provided greater than 

99% hydrolysis. 

 

2.6.3  HPAEC-PAD Methodology 

Instrumental analysis of carbohydrates was conducted using ion chromatography 

(Dionex-ICS 5000) with an electrochemical detector (ED) on a Dionex CarboPacTM 

PA20 (3 × 150 mm) carbohydrate column, preceded by a guard column and Dionex 

AminoTrapTM trap column. The mobile phase consisted of 27.5 mM aqueous sodium 

hydroxide, which was prepared with degassed ultra-pure water and stored under 

pressurized (30 psi) ultra-pure nitrogen environment. Isocratic elution was performed at a 

0.480 mL min-1 flow rate and, column cleanup and regeneration was performed before 

each injection using 200 mM sodium hydroxide at the same flow rate over 15 minutes. 

The electrochemical detector, capable of pulsed amperometric measurements consisted of 
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a disposable gold working electrode and Ag|AgCl reference electrode applying the 

standard carbohydrate quadrupole potential waveform with following conditions: E1 = 

+0.05 V (0.0–0.4 s; integration 0.2–0.4 s); E2 = +0.75 V (0.41–0.6 s); and E3 = -0.15 V 

(0.61–1.0 s).115 A constant temperature of 30 ⁰C was maintained in both column and 

detector compartments. A DV-50 (Dionex) auto sampler and a 25 µL injection loop were 

used for sample injection. 

The order of elution generally follows the pKa values116 of the carbohydrates and 

retention times were highly repeatable (Table 1, n = 17), with maximum peak shift less 

than 3% RSD. An HPAEC-PAD chromatogram for 1.0 µM carbohydrate standard is 

given in Figure 2.5. Peak resolution (Rs) was calculated from the distance between the 

peak maxima (d) and the peak width at half height (wh) for two adjacent peaks (i and (i-

1))117 using Equation 2.1.  

𝑅𝑅𝑠𝑠 =
2𝑑𝑑

1.70 [(𝑤𝑤ℎ)𝑖𝑖 +  (𝑤𝑤ℎ)(𝑖𝑖−1)] 
 (Equation 2.1) 

Seven-point calibration curves ranging from 10 nM to 10 µM and based on peak 

area were used for quantification. IDLs were determined as three times the standard 

deviation of ten replicate injections of the lowest calibration standard. MDL were 

determined as three times the standard deviation of seven replicate extractions and 

analyses of a sample to which a carbohydrate standard at three times the IDL was added. 

The instrumental reproducibility was assessed as the RSD of the analyte concentration 

calculated from nine consecutive injections from the same vial, while the method 

repeatability (day-to-day variation) was evaluated from replicate measurements of 1.0 

µM standard over 5 days. The efficiencies of sample preparation and hydrolysis were 



23 
 

examined using spike recovery assessment, in which a saccharide mixture of known 

concentration was added to ultra-pure water and then analyzed in the same way as 

samples.  Spike recoveries were calculated by Equation 2.2. 

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 (%) =
𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑜𝑜𝑜𝑜 𝑡𝑡ℎ𝑒𝑒 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑜𝑜𝑜𝑜 𝑡𝑡ℎ𝑒𝑒 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

 ×  100% (Equation 2.2) 

Table 2.1 summarizes method performance metrics, including peak retention 

time, peak resolution, calibration range, coefficient of determination (R2), IDLs, MDLs, 

instrumental reproducibility and average spike recovery. Rs ranged 0.59-5.9 with a clear 

separation of peak maxima of all the analytes (Table 1). Baseline separation (Rs > 1.5) 

was achieved for fucose, rhamnose, arabinose and fructose, and a peak overlap of less 

than 2% was observed for ribose and sucrose. All species met the threshold Rs of 0.54 

have been proposed by Rodrigues et al. (1993) in order for two peak maxima to be 

clearly separated and were close to or above the threshold Rs of 0.6 proposed by and 

Miller (2005) for the same purpose.117, 118 In comparison to prior studies by Kerherve et 

al. (1995), Mopper et al. (1995), and Engel and Handel (2011), this HPAEC method 

provides improved resolution for rhamnose, arabinose, glucose and mannose, all of which 

are important components of the marine carbohydrate pool.77, 114, 119 Improvements to 

chromatographic resolution result from the use of a Dionex (Thermo) CarboPac PA-20 

column with pellicular anion-exchange resin beads that are smaller (6.5 µm) than 

previously used columns, which were AS-6 in the case of Mopper et al., CarboPac PA-1 

in the case of Kerherve et al. and CarboPac PA-10 in the case of Engel and Handel.77, 114, 

119 
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Linear PAD response was observed from 10.0 nM to 10.0 µM with coefficients of 

determination (R2) greater than 0.999. IDLs ranged from 1.4 - 6.0 nM, while MDLs 

ranging from 2.5 - 18.0 nM (Table 2.1). The RSDs of instrumental reproducibility 

(consecutive) and method repeatability (day to day variation) for individual 

carbohydrates were < 5% and <7%, respectively indicating the high precision of the 

optimized HPAEC method. Spike recoveries for most of the carbohydrates were greater 

than 90%, demonstrating efficient analyte recoveries. Ribose (83%), fructose (84%) and 

xylitol (84%) had the lowest recoveries, likely due to the destruction of those sugars 

during hydrolysis.120  The performance metrics are equally as good as previously reported 

methods demonstrating high accuracy and precision of the optimized method for marine 

relevant carbohydrates. 

Application of the optimized HPAEC-PAD protocol to quantify carbohydrates in 

actual marine samples is shown in Figures 6b and 6c, before and after hydrolysis, 

respectively. A shift to shorter retention times relative to carbohydrate standard 

chromatogram (6a) is attributed due to high salt content in the sample matrix and the 

addition of TFA to the hydrolyzed samples.112 Therefore, peak identity was confirmed by 

method of standard addition; upon addition of carbohydrate standards to samples, a 

consistent growth in the carbohydrate peaks were observed as shown in Figure 2.7. 

 

2.7  Extraction and Analysis of Water-soluble Inorganic Ions 

Water soluble inorganic ion content was determined by Teflon filters. Prior to 

extraction, Teflon filters were cut in half using ceramic scissors and blades on a clean 

guided glass surface. The full and half-filter masses were measured on an analytical 
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balance (Mettler Toledo XS204) in order to accurately determine the fraction of filter 

extracted; results were scaled assuming uniform PM deposition.  Half of the Teflon filter 

was uniformly wet with 100 µL of isopropyl alcohol and subsequently extracted into 15.0 

mL ultra-pure water (Thermo, BARNSTED EasyPure-II; 18.2 MΩ resistivity) by shaking 

12 hours at 125 rpm. For every 10 samples, 1 lab blank, 2 field blanks, and 1 spike 

recovery sample were prepared and analyzed.  Extracts were filtered with 0.45 µm PTFE 

(Whatman) filters prior to analysis. 

Aqueous extractions of filter samples were analyzed by ion exchange 

chromatography (Dionex-ICS5000).  For anion analysis, a Dionex IonPacTM AS22 anion 

column was used.  The mobile phase consisted of 4.5 mM sodium carbonate (Na2CO3) 

and 1.4 mM sodium bicarbonate (NaHCO3) at a flow rate of 1.2 mL min-1. For cation 

analysis, a Dionex IonPacTM CS12A cation column was used.  The mobile phase 

consisted of 20 mM methane sulfonic acid and flowed at 0.5 mL min-1.  A conductivity 

detector (Thermo) was used for detection and was preceded by a self-regenerating 

suppressor (ASRSTM 300 for anions and CSRSTM 300 for cations). Anions and cations 

were identified against authentic standards (Dionex) and cation and anion standard 

chromatograms are given in Figure 2.8 and 2.9, respectively.  Ions were quantified with 

seven point calibration curves and the analytical uncertainties of the measurements were 

propagated using the MDL, standard deviation of the field blank value and 10% of the 

measurement value.  

IDL was determined as three times the standard deviation of the lowest detected 

concentration of each analyte through seven consecutive injections. MDL of analytes 

were obtained by performing seven spike recovery samples by spiking a lab blank filter 
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with a standard solution which prepared targeting a final concentration which will be 3-5 

times higher than the IDL. The spiked filters were then extracted and analyzed in 

triplicate to determine the recovered concentrations and the MDL was determined as the 

average blank levels plus three times standard deviation of the recovered concentrations 

across seven extracts. The efficiency of analyte extraction were examined using spike 

recovery assessment, in which a standard mixture of known concentration was added to a 

Teflon filter, let dry and extracted into ultra-pure water and then analyzed in the same 

way as samples.  Spike recoveries were calculated as Equation 1. The calibration range, 

coefficient of determination (R2), IDLs, MDLs, and average spike recoveries for anions 

and cations are given in Table 2.2.    

 

2.8 Extraction and Analysis of Total Metals 

Teflon filters were cut into half using ceramic blades and total dissolution metals 

were extracted using an procedure adopted from US EPA Method 3052.121 In brief, filters 

were digested in a mixture of 2:1 concentrated nitric and hydrochloric acid (TraceMetal 

Grade, Fisher Chemical) using a MARS 6 microwave assisted digestion system (CEM 

Corporation, Matthews, NC) at 200 °C for 13 minutes. Extracts were filtered by 0.45 µm 

PTFE filter (Whatman) and analyzed for metals using a Thermo X-Series II quadrupole 

ICP-MS instrument (Thermo Fisher Scientific Inc., Waltham, MA, USA).122 The 

instrument was calibrated against IV-ICPMS-71A ICP-MS standard (Inorganic Ventures) 

for a range of 0.1 to 50 ppb. The MDL and spike recovery % were calculated as 

described in section 2.6 and values are reported in Table 2.3. The uncertainty of the 
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measurement was propagated using standard deviation of the filed blank measurements, 

MDL and 10% of the metal concentration.  

 

2.9 Extraction and Analysis of Organic Species 

Quartz fiber filters were sub-sampled to obtain ~200 µg C prior to organic species 

quantification by gas chromatography mass spectrometry (GC-MS). These sub-samples 

were spiked with deuterated internal standards which were used in quantification: pyrene-

D10, benz(a)anthracene-D12, cholestane-D4, pentadecane-D32, eicosane-D42, tetracosane-

D50, triacontane-D62, dotriacontane-D66, hexatriacontane-D74 , levoglucosan-13C6 and 

cholesterol D6. Each sub-sample was then stepwise extracted in 2×20 mL aliquots of 

hexane followed by 2×20 mL aliquots of acetone by ultra-sonication (60 sonics min-1, 

5510-Branson) for 15 minutes.123 The solvent extracts were subsequently concentrated to 

a final volume of ~100 µL using Turbovap (Caliper Life Sciences, Turbo Vap LV 

Evaporator) and micro-scale nitrogen evaporation system (Reacti-Therm III TS-18824 

and Reacti-Vap I 18825, Thermo Scientific) upon high-purity nitrogen (PRAXAIR Inc.). 

These extracted samples were stored at -20 °C until the chemical analysis.  

Organic species in filter extracts were quantified using GC-MS (Agilent 

Technologies 7890A) equipped with an Agilent DB-5 column (30 m X 0.25 mm X 0.25 

µm) with electron ionization (EI) source in the positive mode using a temperature range 

from 60 to 300 °C. Helium was utilized as the carrier gas, and the 3 µL aliquots of the 

extracts were injected in splitless mode.123  

Hydroxyl-bearing polar compounds were analyzed following trimethylsilyl 

(TMS) derivatization.124 Briefly, 10 µL of the extract was blown down to complete 
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dryness and reconstituted in 10 µL of pyridine (Burdick & Jackson, Anhydrous). A 20 µL 

of the silylation agent N,O-bis-(trimethylsilyl)trifluoroacetamide (Fluka Analytical, 99%) 

was added to the mixture, and was heated for 3 hours at 70 ˚C to complete the silylation 

reaction. The silylated samples were immediately analyzed for polar compounds.  

Responses of analytes were normalized to the corresponding isotopically-labeled 

internal standard and five point linear calibration curves (with correlation coefficients, R2 

≥ 0.995) were utilized for the quantification of organic species. Compounds that were not 

in the standards were measured by assessing the response curve from the compound that 

is most analogous in structure and retention time. The analytical uncertainties for the 

measured species were propagated from the standard deviation of the field blanks, MDLs 

and 20% of the measured concentration. The MDLs and spike recoveries were calculated 

as described in section 2.6 and quantitative values are given in Table 2.4. 

 

2.10 Scanning Electron Microscopy (SEM) Energy Dispersive X-ray (EDX) 

Microanalysis 

SEM-EDX spectroscopy was used to confirm the presence of fluoride in biomass 

burning aerosol samples. A sub-sample of a quartz fiber filter was mounted on a SEM 

sampling stub using double-sided carbon tape.  Morphology and PM2.5 composition were 

examined using a scanning electron microscope (Hitachi S-3400N) coupled with an 

energy dispersive X-ray spectrometer (Bruker) at 15.0 kV accelerating voltage. EDX 

spectra were collected for the fluorine Kα line at 676.8 eV and were used to map 

elemental fluorine distributions in PM2.5 samples. 
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2.11  Energy-dispersive X-ray Fluorescence Spectroscopy (XRF) Analysis 

Metals in biomass burning aerosol samples were measured by Department of 

Biomedical Engineering and Environmental Sciences, National Tsing Hua University, 

Hsinchu, Taiwan using an energy-dispersive X-ray fluorescence spectrometer (ED-XRF, 

Epsilon 5, PANalytical), equipped with a 600 W power X-ray tube, following a protocol 

adopted from the US EPA Chemical Speciation Network.125, 126 The relative bias of the 

ED-XRF analyses, calculated using NIST standards, and was within 15 %.  
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Figure 2.1: Schematic diagram of a cyclone precipitator (The figure is adapted from 
reference 107).  
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Figure 2.2: Schematic diagram of a cascade impactor (The figure is adapted from 
reference 107). 
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Figure 2.3: Schematic diagram of a virtual impactor (The figure is adapted from 
reference 107).  
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Figure 2.4: Concentrations of glucose or fructose in samples undergoing hydrolysis. Error 
bars show the propagated analytical uncertainty. 
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Figure 2.5: HPAEC-PAD chromatograms for a 1.0 µM carbohydrate standard. 
Numerical peak numbers correspond to the species listed in Table 2.1.  
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Figure 2.6: HPAEC-PAD chromatograms for a 1.0 µM saccharide standard (a) and day 3 
foam sample before (b) and after (c) hydrolysis. Numerical peak numbers 
correspond to the species listed in Table 2.1. 
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Figure 2.7: Identification of carbohydrate peaks using method of standard addition: a) 
day 3 hydrolyzed foam sample, with addition of b) arabinose, c) rhamnose 
and ribose, d) fucose and fructose, e) mannitol and xylose, f) arabitol and 
mannose, g) xylitol and glucose, and h) erythritol and galactose. Numerical 
peak numbers correspond to the species listed in Table 2.1. 
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Figure 2.8: Separation of cations in Dionex CS12A column. 
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Figure 2.9: Separation of anions in Dionex AS22 column. 
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Table 2.1: Summary of method performance for HPAEC-PAD analysis, including peak retention time, peak resolution, calibration 
range, coefficient of determination, instrumental detection limits, method detection limits, instrumental reproducibility and 
average spike recovery (± 1 standard deviation) for the analysis method. Calibration range was 10 – 10,000 nM and R2 was 
> 0.999 for all the analytes.  

Peak 
No. Analyte 

Peak 
Retention 

Time (min)a 

Peak 
Resolution 

Detection 
Limits Reproducibility (%) Spike Recovery (%) 

IDL 
(nM) 

MDL 
(nM) Consecutiveb Day to day 

variationc 
Unhydrolyzed 

(n=5) 
Hydrolyzed 

(n=3) 
1 Erythritol 1.390 ± 0.003 - 2.4 5.0 1.7 1 ± 1  98 ± 4  109 ± 2  
2 Xylitol 1.500 ± 0.002 0.59 3.3 4.2 2.4 4 ± 3  92 ± 6  84 ± 1  
3 Arabitol 1.64 ± 0.01 0.74 1.4 2.5 1.0 3 ± 2  95 ± 7  94 ± 3  
4 Mannitol 2.100 ± 0.003 2.4 1.6 3.2 1.1 2 ± 2  97 ± 6  94 ± 2  
5 Trehalose 2.29 ± 0.02 0.89 1.6 3.8 1.1 3 ± 2  97 ± 3  NAd 
6 Fucose 2.986 ± 0.008 3.4 4.6 9.3 3.3 5 ± 2  94 ± 2  99 ± 6  
7 Rhamnose 4.46 ± 0.09 5.9 2.9 7.5 2.2 1.5 ± 0.8  98 ± 4  94 ± 6  
8 Arabinose 5.26 ± 0.03 2.7 6.0 8.0 4.7 2.0 ± 0.9  96 ± 4  96 ± 3  
9 Galactose 6.6 ± 0.2 3.8 3.9 8.4 3.3 2 ± 2  96 ± 2  100 ± 6  

10 Glucose 6.96 ± 0.04 0.92 2.8 4.3 2.2 2 ± 1  97 ± 6  97 ± 3  
11 Mannose 7.3 ± 0.2 0.64 4.8 11.9 4.4 3 ± 2  94 ± 6  98 ± 10  
12 Xylose 7.60 ± 0.07 0.65 3.6 9.7 2.6 6 ± 3  97 ± 3  105 ± 7  
13 Fructose 8.4 ± 0.2 1.6 5.2 11.6 4.5 7 ± 2  82 ± 4  84 ± 4  
14 Ribose 9.2 ± 0.1 1.7 3.2 18.0 2.9 1.9 ± 0.8  101 ± 2  83 ± 3  
15 Sucrose 10.0 ± 0.2 1.3 3.7 4.7 3.0 3 ± 3  100 ± 2  NAd 

a) average peak retention time ± 1 SD (n=17); b) RSD of 9 consecutive injections from 50 nM standard solution; c) percent deviation of 1.0 
µM check standard in 5 different days; d) not included in the spike 
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Table 2.2: Figures of merit for anion and cation analysis, including the range of seven-
point calibration curves, coefficient of determination, instrument detection 
limit, method detection limit, and mean spike recovery (± 1 standard 
deviation) for 7 replicate samples. 

  

Analyte Calibration 
Range (mg L-1) R2 IDL            

(µg L-1) 
MDL       

(µg L-1) 
Spike Recovery 

(%) 
Cations      

Na+ 0.050 – 10.0 > 0.999 1.6 28.3   92 ± 6 
NH4

+ 0.062 – 12.0 NAa 1.3 20.9   99 ± 5 
K+   0.13 – 25.0 > 0.999 1.1 4.20 101 ± 2 

Mg2+ 0.062 – 12.0 > 0.998 1.2 29.8   98 ± 2 
Ca2+   0.13 – 25.0 > 0.999 21.9 37.0 100 ± 3 

Anions      
F- 0.010 – 1.00 > 0.999 2.2 5.0   98 ± 1 
Cl- 0.030 – 3.00 > 0.999 3.6 7.8 103 ± 2 

NO2
- 0.10 – 10.0 > 0.998 6.7 30.2 101 ± 3 

Br- 0.10 – 10.0 > 0.999 4.5 22.9 101 ± 2 
NO3

- 0.10 – 10.0 > 0.999 7.9 22.6 102 ± 2 
SO4

2- 0.15 – 15.0 > 0.999 9.1 60.0 102 ± 2 
a) non-linear calibration 
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Table 2.3: Figures of merit for total metal analysis; coefficient of determination, method 
detection limit, and mean spike recovery (± 1 standard deviation) for 5 
replicate spike recovery samples. 

  

 

 

 

 

 

  

Analyte R2 MDL (µg L-1) Spike Recovery (%) 
Al > 0.999 6.95 86 ± 2 
Ti > 0.999 0.80 93 ± 8 
V    0.998 1.27 96 ± 2 
Cr > 0.999 1.97 99 ± 2 
Mn > 0.999 0.77 98 ± 2 
Fe > 0.999 6.34 103 ± 2 
Ni > 0.999 0.30 99 ± 2 
Cu > 0.999 0.64 95 ± 2 
Zn > 0.999 8.20 100 ± 4 
As    0.991 2.96 126 ± 2 
Se    0.991 9.98 121 ± 2 
Sr > 0.999 1.20 92 ± 1 
Cd    0.998 1.17 111 ± 1 
Ba > 0.999 0.76 97 ± 1 
Pb > 0.999 0.36 103 ± 1 
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Table 2.4: Method detection limit, and mean spike recovery (± 1 standard deviation) for 
6 replicate spike recovery samples of organic species. 

Analyte Detection Limit (pg µL-1) Spike Recovery (%) 
Phenanthrene 4.44 92 ± 4 
Anthracene 3.13 92 ± 4 
Fluoranthene 4.89 100 ± 2 
Pyrene 3.75 103 ± 4 
9-Methylanthracene 6.26 76 ± 6 
Benzo(GHI)fluoranthene 4.31 104 ± 2 
Cyclopenta(cd)pyrene 3.14 41 ± 6 
Benz(a)anthracene 3.69 99 ± 6 
Chrysene 3.09 106 ± 3 
1-Methylchrysene 2.95 112 ± 3 
Retene 9.98 99 ± 4 
Benzo(b)fluoranthene 8.03 112 ± 5 
Benzo(k)fluoranthene 7.43 106 ± 3 
Benzo(e)pyrene 4.87 109 ± 3 
Benzo(a)pyrene 3.45 97 ± 5 
Perylene 3.78 95 ± 8 
Indeno(1,2,3-cd)pyrene 5.44 101 ± 3 
Benzo(GHI)perylene  8.44 111 ± 4 
Dibenz(ah)anthracene 5.01 114 ± 4 
Picene NA  124 ± 6 
17α(H)-22,29,30-Trisnorhopane 1.49 97 ± 3 
17β(H)-21α(H)-30-Norhopane 1.58 115 ± 7 
17α(H)-21β(H)-Hopane 1.41 109 ± 4 
ABB-20R-C27-Cholestane 4.51 114 ± 8 
ABB-20S-C27-Cholestane 5.88 106 ± 2 
ABB-20R-C28-Ergostane 2.43 102 ± 3 
ABB-20R-C29-Sitostane 3.54 115 ± 7 
Tetradecane 23.0 88 ± 7 
Pentadecane 26.8 114 ± 19 
Hexadecane 14.9 101 ± 7 
Norpristane 50.4 94 ± 15 
Heptadecane 16.6 92 ± 18 
Pristane 28.6 92 ± 11 
Octadecane 18.5 85 ± 3 
Phytane 25.9 92 ± 6 
Nonadecane 16.0 96 ± 5 
Eicosane 10.6 96 ± 2 
Heneicosane 23.8 107 ± 8 
Docosane 35.8 120 ± 4 
Tricosane 13.2 92 ± 5 
Tetracosane NA 112 ± 18 
Squalane NA 122 ± 19 
Pentacosane 39.9 104 ± 12 
Hexacosane 31.6 102 ± 12 
Heptacosane 22.4 96 ± 8 
Octacosane 49.1 88 ± 5 
Nonacosane 47.8 92 ± 6 
Triacontane 91.2 89 ± 5 
Hentriacontane 70.9 88 ± 4 
Dotriacontane 69.5 85 ± 4 
Tritriacontane 56.2 85 ± 3 
Tetratriacontane 64.2 88 ± 4 
Pentatriacontane 84.5 87 ± 3 
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CHAPTER THREE 

CHEMICAL CHARACTERIZATION OF BIOMASS BURNING AEROSOL 

FROM CONIFERS, GRASSES, CROP RESIDUE, PEAT AND COOKING FIRES1 

3.1 Abstract 

PM2.5 emitted from 86 fuels during combustion were characterized, across five 

different fuel categories including conifers, agricultural residues, grasses and other 

perennials, peat and cookstoves during the fourth Fire Laboratory at Missoula experiment 

(FLAME-4). Fire-integrated emission factors (EFs) were computed for PM2.5 mass, 

organic carbon (OC), elemental carbon (EC), water-soluble organic carbon (WSOC), 

water-soluble inorganic ions (K+, NH4
+, Na+, Ca2+, Mg2+, F-, Cl-, NO3

-, SO4
2-), metals 

(Al, Si, Ti, Cr, Mn, Fe, Ni) and organic species (e.g. levoglucosan, polycyclic aromatic 

hydrocarbons). Generally, EFs varied with fuel type and the geographic location where it 

was harvested, burning condition (stack or room) and modified combustion efficiency 

(MCE). Generally, PM was dominated by OC (22-97 %) and EC (2-76 %). 

Anhydrosugars dominated the OC mass fraction of conifers, agricultural residues and 

grasses while n-alkanes dominated the OC mass fraction of peat. The OC emission 

profiles of cookstoves were depend on the fuel type more than the cookstove technology. 

Among tested fuels ocote showed the highest PAH mass fraction of OC contributing 5 % 

of OC mass. Inorganic ions contributed a significant fraction (4-69 %) of PM emitted by 

agricultural residues and grasses and other perennial plants with the major inorganic 

                                                 
1 This chapter is in preparation to publish as Jayarathne, T.; Stockwell, C.; Dolan, M.; Engling, G.; 
Yokelson, R.; Stone, E.; “Chemical characterization of biomass burning aerosol from conifers, grasses, 
crop residue, peat and cooking fires” Atmospheric Environment. 
Author Contributions 
E.S. and R.Y. designed research and planned the experiments; T.J. collected extracted and analyzed PM 
samples, processed data and wrote the chapter; C.S. provided MCE and EFCO data; M.D. analyzed WSOC; 
G.E. analyzed metals in PM. 
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compounds expected to be as KCl, NH4Cl and K2SO4. Our measurements spanned over a 

variety of fuel types collected from different geographical locations which were burned 

under 2 different burning methods at a wide range of MCEs, and thus help to improve 

estimates of the variation of emissions for similar fuel types.  

 

3.2 Introduction 

Fire has been used since early stages of human evolution as an effective tool for 

cooking, heating, lighting and hunting, and more recently as a tool for land management 

and pest control, a method of waste disposal and for industrial use.82, 83, 127, 128 

Ecologically, forest and savanna fires were considered as essential natural phenomenon 

required maintaining the balance of ecosystems, which generally started due to a lighting 

strike or volcanic activity. But in recent years the contribution from anthropogenic fires 

are becoming more frequent due to extensive agricultural practices.127, 129 At present 

biomass burning is not limited to natural forest and savanna fires, but also agricultural 

and crop residue fires, peatland fires, garbage burning, industrial and domestic use of 

biomass comprise to a significant fraction of global biomass burning budget.93  

Biomass burning is recognized as a major source of atmospheric PM and annual 

flux of total PM is estimated to be ~80 Tg yr-1.84 In general, 80-90 % of biomass burning 

aerosols are in fine mode (typically dp < 1 µm) and considered as the largest source of 

primary fine carbonaceous aerosols to the atmosphere.26, 84, 85, 93 Biomass burning 

emissions not only elevated the PM levels at the source, it also can transport over long 

distance and lead to regional and global climate, socioeconomic and health effects.130, 131 

Biomass burning emissions primarily contain gaseous carbonaceous species (e.g. CO2, 
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CO, CH4) and also rich in particulate carbonaceous species, elemental carbon (EC) and 

organic carbon (OC).84, 93, 100 Recent studies have demonstrated that biomass burning 

smoke is also a major source of brown carbon (BrC).49, 96, 102 Annual global emission of 

EC due to biomass burning are estimated to be 4.8-5.7 Tg C yr-1, which is comparable to 

estimated annual contribution from fossil fuel combustion emissions.84, 93, 132 Biomass 

burning is also estimated to emit 38-54 Tg C yr-1 of OC which is ~40% of the total global 

OC budget.84, 132, 133 

Usually, field studies or laboratory experiments are used to measure biomass 

burning emissions. In-situ, airborne and remote sensing measurements or sampling 

ambient aerosols at receptor sites impacted by biomass burning smoke are the major 

approaches used in field-based studies.93 In-situ measurements are claimed to be the best 

approach among all as it can sample fresh smoke right after emitting from the source. 

However, in-situ measurements are limited by difficulties associated with accessing the 

actual burning sites with instrumentation and require portable or mobile battery-powered 

instruments.134 Airborne measurements and sampling from receptor sites are typically 

made downwind of the emission source and sampled smoke is likely from a various fuel 

types, and is always mixed with ambient PM.135 Therefore, burning individual biomass 

fuels in a laboratory under controlled conditions is used to study emissions from 

individual fuel types. Further, laboratory experiments allow for the measurement of 

physical (e.g. moisture content, mass of fuel, mass of residue) and chemical (e.g. 

elemental composition) properties of the fuel that actually burned which in turn facilitate 

to compute more robust emission factors via mass balance modeling.135 However, fuel 

harvesting, handling, transport, storage and different burning conditions utilized in 
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laboratory experiments can significantly alter biomass and fire properties, thus, may not 

representative to natural emissions.25, 49   

The efforts made to quantitatively estimate biomass burning emissions have a 

history nearly 40 years.136 Chemical profiles developed through field and laboratory 

studies have supported the development of global and regional emission inventories of 

biomass burning.93 Emission estimates are generally computed on a mass basis using the 

burned area, fuel loading and fuel-based emission factors (EF).93 Major uncertainties of 

the model estimates have been attributed to inadequate data in EFs and fuel loading.99 

EFs reflect the mass of a chemical species (e.g. PM2.5 mass, EC, OC) emitted to the mass 

of fuel burned and largely depend on biomass type and burning conditions.137 Further, 

many important biomass types have not or rarely being studied (e.g. peat, cookstove, 

garbage); thus representative EFs are not available.93 Therefore, comprehensive EFs for 

variety of fuel types representing different burning conditions are essential for more 

representative and robust model estimations in order to assess their influence on local and 

global scale.26, 90, 93, 138 Therefore, in recent past number of studies focused on the 

comprehensive characterization of biomass burning emissions in order to build source 

profiles to use for emissions inventories and source apportionment modeling. Apart from 

commonly measured forest and savanna fuels these studies utilized some rarely studied 

sources like foliage, organic soil and fuels commonly burned in residential or industrial 

use (e.g. cooking fires, garbage, tires).94-100   

The Fire Laboratory at Missoula Experiments (FLAME) were designed to fulfill 

these gaps to compute comprehensive EFs for both gaseous and particulate species for 

variety of under sampled fuel types. Previously three FLAME laboratory studies were 
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conducted in 2006 (FLAME-1), 2007 (FLAME-2), 2009 (FLAME-3), and this study 

(FLAME-4) was took place in 2012 at the U.S. Forest Service’s Fire Science Laboratory 

(FSL), Missoula, Montana, USA with overall goal of burn both historically undersampled 

and well-studied fuels while adding new instrumentation and experimental methods to 

provide previously unavailable information on physical and chemical properties of 

biomass burning emissions. During this study more than 150 burns were performed 

representing wide variety of globally significant fuels including African and savanna 

grasses, crop residue, peat, conifers, cookstoves, shredded tires and trash under different 

burning conditions. This manuscript primarily focuses on chemical characterization of 

PM and several companion papers have already been published on gas-phase 

characterizations94, 95, 139 and particulate fluoride emissions.140 To this end 86 PM2.5 

samples were collected and chemically speciated with the primary objective of 

computing EFs for PM2.5 mass, EC, OC, water soluble ions, metals and organic species 

across five different fuel categories including conifers, agricultural residues, grasses and 

other perennials, peat and cookstoves. To the best of our knowledge this is the first 

comprehensive cookstove study related to common fuels used in USA. Emissions from 

traditional 3-stone, and improved envirofit rocket, EZstove and Phillips gasifier were test 

using red oak, Douglas fir and ocote as firewood. Further, the computed EFs in this study 

were compared with previously published values, and emission profiles were compared 

across different fuel types.    
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3.3 Methods 

3.3.1 Fuel Harvesting and Storage 

A complete description of fuel harvesting and storage is given in Stockwell et al., 

(2014) and the geographical locations of the harvested fuels are indicated in Table S3.1.  

 

3.3.2 Combustion Facility and Burn Procedure 

The FSL is equipped with a combustion chamber and the design of the 

combustion chamber is described in detail elsewhere.98 In brief, the combustion chamber 

is a square room with an exhaust stack in the middle. The fuel bed was positioned right 

below the exhaust stack and combustion emissions were drawn through the exhaust stack 

at a constant flowrate. These burns are referred to as “stack” burns. Apart from stack 

burns another type of experiments were performed, which we referred to as “room” 

burns. For room burns, the combustion chamber was sealed by closing the exhaust stack 

opening, and the fuel bed was positioned at the middle of exhaust stack and the chamber 

wall. A large circulation fan was operated to facilitate well mixing of smoke to distribute 

the burning emissions evenly throughout the room. Fuels (ranging in mass from 0.1 – 4 

kg) were burned over the course of 2-30 minutes under conditions (e.g. loading, 

geometry, etc.) designed to mimic natural field burning.   

 

3.3.3 PM2.5 Sample Collection  

PM2.5 was collected using two custom-built PM samplers in parallel. The PM2.5 

samplers were positioned on the sampling platform with the sampler inlets located at the 

center of the exhaust stack for stack burns. For room burns, the PM2.5 samplers were 
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positioned at the North side of the combustion chamber and smoke filled in the 

combustion chamber was sampled at ~2 m height from the floor. In both stack and room 

burn configurations, the biomass smoke was diluted significantly with room air to cool 

the smoke to ambient temperature to allow for gas-particle partitioning to equilibrate 

prior to sample collection. The PM was collected on pre-cleaned 37 mm quartz fiber 

filters (QFF) and pre-weighed Teflon filters (PALL, Life Sciences, Port Washington, 

NY) preceded by two 2.5 µm sharp-cut cyclones (URG). Field blanks (FB) were 

collected for every seventh sample and for some samples a second (backup) QFF filter 

(QBT) was placed in series behind the first (front) Teflon filter in order to assess the 

positive sampling artifacts from carbonaceous gas adsorption. Sampled filters were stored 

in dark and frozen (-20 °C) and were shipped frozen to the University of Iowa for 

chemical analysis.    

 

3.3.4  PM2.5 Mass, Elemental Carbon, Organic Carbon, Water-soluble Organic 

Carbon, Water-soluble Inorganic Ion and Organic Speciation Measurement 

The procedures utilized in PM mass, organic carbon, elemental carbon, water-

soluble organic carbon, water-soluble inorganic ion and organic speciation measurements 

are described in Chapter 2. 

 

3.3.5  Total Metals 

Metals in biomass burning aerosol samples were analyzed by an energy-

dispersive X-ray fluorescence spectrometer (ED-XRF, Epsilon 5, PANalytical), equipped 

with a 600 W power X-ray tube, following a protocol adopted from the US EPA 
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Chemical Speciation Network.125, 126 The relative bias of the ED-XRF analyses, 

calculated using NIST standards, and was within 15 %. 

 

3.3.6  Emission Factor and MCE Calculation 

The mixing ratios of CO and ~20 other gases were measured by an open-path 

Fourier transform infrared (OP-FTIR) spectrometer.95 The carbon mass balance approach 

was used to determine the carbon monoxide emission factor (EFCO) in the units of mass 

of CO per kilogram of fuel burned (g kg-1).95 CO was used as the reference species to 

calculate the EF of particulate species and the CO mass drawn through the filter (MCO) 

was calculated using the CO concentration in the smoke. Then, the mass of the analyte 

(MX) and EFCO was used to calculate the emission factors of the desired analyte (EFX) 

(e.g. PM mass, EC, OC, etc.) following equation 3.1.  

CO
CO

X
X EF

M
MEF ×=  (3.1) 

Uncertainty in EFX was propagated from the relative uncertainty of EFCO, conservatively 

estimated as 5 % of the value and the analytical uncertainty of the considered analyte. 

The modified combustion efficiency (MCE) was calculated as 

𝑀𝑀𝑀𝑀𝑀𝑀 =  ∆𝐶𝐶𝐶𝐶2 (∆𝐶𝐶𝐶𝐶 +  ∆𝐶𝐶𝐶𝐶2)⁄  and was used as an indicator of flaming combustion 

(MCE > 0.9) and smoldering combustion (~0.75-0.84).137  
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3.4  Results and Discussion  

3.4.1 PM2.5 Composition and Emission Factors 

The average contribution of OC, EC water-soluble ions and metal oxides relative 

to total PM2.5 mass for each fuel category is given in Figure 3.1a. For 9 biomass 

categories, sum of the speciated masses exceeded the gravimetrically measured PM2.5 

masses (e.g. Ponderosa pine), and 3 biomass categories PM2.5 mass was below the 

detection limits (e.g. cookstoves). Therefore, PM2.5 mass fractions of those burns were 

calculated using re-constructed mass; by summing OC, EC, ion and metal oxide masses. 

Higher OC contributions were observed for peat (83±18 %) and conifers (80±12 %) 

among all the studied fuel categories. In contrast, EC comprised to a significant fraction 

of PM emitted by cookstoves (61±17 %) and grasses (43±13 %) while water-soluble 

inorganic ions showed a higher mass fraction in agricultural residue burns (27±22 %) 

relative to other studied fuel categories.  

Average PM2.5 EFs for each biomass category is presented in Table 3.1 while 

individual PM2.5 EFs for all the burns are given in Table S3.1. The induvial EFPM2.5 for 

conifers ranged 4.5-93 g kg-1 averaging at 43±30 g kg-1. The observed EF PM2.5 for 

conifers in this study is comparable with average EFs, 4-167 g kg-1 reported in previous 

laboratory studies.98-100, 141, 142  

The overall average EFPM2.5 for grasses and other perennial plant category was 

12±17 g kg-1 ranging from below the detection limits to 79 g kg-1 (Table S3.1). The 

overall average was dragged to a higher value due to relatively higher EFs of hay, alfalfa 

and manzanita than the grasses (Table 3.1). This is likely due to long smoldering phase of 

these perennials relative to instantly burn grasses. If we consider only the grass burns 
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(African grass, sawgrass and wiregrass), the average EFPM2.5 decreased to 6.1±5.9 g kg-1. 

These EFs are also similar to previously reported average EFs, 2.1-39 g kg-1 21, 98-100 for 

savanna fires from laboratory and field studies.  

The MCE of conifers and, grasses and other perennial plant categories ranged 

0.848-0.970 and 0.911-0.984, respectively (Table S3.1). These MCEs indicate mixtures 

of flaming and smoldering combustion.137 Previous studies have shown higher PM 

emissions at lower MCEs.98, 143 Similarly, we observed a significant negative correlation 

with EFPM2.5 and MCE for conifers, and grasses and other perennial plant fuel categories 

(Figure 3.2a). However, such a significant correlation was not observed for other fuel 

categories indicating MCE is not the only determinant factor for PM emission.  

The average EFPM2.5 for agricultural residue was 19±13 g kg-1 ranging from BDL 

to 42 g kg-1 (Table S3.1). Relatively higher EFPM2.5 was observed for agricultural residue 

room burns (28±11 g kg-1) than stack burns (9±7 g kg-1) indicating the influence of 

combustion method on PM emissions. However, observed EFs are on par with previously 

reported EFs (12-30 g kg-1) for agricultural fires.98, 141  

Peat burns had the lowest MCE values, 0.683-0.832 which is indicative of 

smoldering combustion.137 The overall average peat EFPM2.5 was 61±44 g kg-1 and is 

higher than the average values, 5.9-46 previously reported for laboratory peat fire 

emission studies.100, 144, 145 The recent in-situ measurements of peatland fire emissions 

reported more representative EFs for PM2.5 (6.0 - 29.6 g kg-1) and our study average is 3 

times greater than their reported average (17.3±6.0 g kg-1).25 This is likely due to 

different burning conditions as evident by lower MCE values in this study (0.68-0.83) 

relative to Black et al., (0.80-0.88) and Jayarathne et al., (0.73-0.83).  
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3.4.2 EC and OC Emission Factors 

The effects of negative sampling artifacts due to carbonaceous gas adsorption 

were assessed during this study using QBT approach.146 EC was not detected on any of 

the backup filters indicating the efficient collection of EC on front filters. For the samples 

with QBT collected, the OC on the backup filter was directly subtracted. For the rest, the 

average OC concentration for the fuel type was used: rice straw (2.0±0.4 %), ponderosa 

pine (1.2 %), black spruce (2.9±1.6 %), and peat (3.1±0.8 %). For the fuel types without 

backup filters collected, the study average of OC artifact (2.4±1.2 %) was used for 

artifact correction. The FB subtracted backup filter OC concentration ranged from 

0.8±0.6 µgC cm-2 to 5.6±0.7 µgC cm-2 and a significant (p=0.05) positive correlation 

(r=0.63) was observed with front filter OC loading (Figure 3.3). This indicates that the 

amount of carbonaceous gas adsorbed is proportional to the mass concentration of OC 

and, not yet reach to a level of backup filter saturation. Previously Turpin et al. 147 also 

showed similar quartz fiber filters become saturated above 6 µg OC cm-2. 

The computed average EC and OC emission factors are given in Table 3.1 and 

individual emission factors are given in Table S3.1. The average EFOC, ranged from 

0.90±1.1 g kg-1 at high MCE to 52±18 g kg-1 at lower MCE values. Grasses, agricultural 

residues and cookstoves were examples for biomass categories with low EFOC, with 

emission dominated by flaming combustion as reflected by relatively higher MCEs than 

other fuels. Conifers (40±33 g kg-1) and peat (39±22 g kg-1) had lower MCEs and showed 

the highest EFOC for the studied biomass categories. EFOC of conifers (r = - 0.46; p = 

0.05), agricultural residues (r = -0.42; p = 0.06) and, grasses and other perennial plants (r 
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= -0.49; p < 0.01) were negatively correlated with MCE, as expected, with increasing 

contributions from smoldering-phase combustions (Figure 3.2b). However, EFOC of other 

biomass categories did not correlate with corresponding MCE values. The range of EFOC 

reported in literature is very large, even for same biomass category due to variation of 

fuel properties (e.g. moisture content), different burning conditions and various 

experimental procedures followed in different studies. As an example average EFOC 

reported for conifers in previous laboratory studies range 3.5-170 g kg-1,98-100, 141, 142 

which is comparable to observed EFOC for conifers during this study. Similarly, EFOC 

reported for agricultural residues and grasses are on par with previous literature reported 

values. However, study average EFOC (39±22 g kg-1) for peat burning aerosol is 

considerably higher than that of  literature reported EFs, 6 g kg-1 by Christian et al.;21 8-

13 g kg-1 by Iinuma et al.;100 4-6 g kg-1 by Black et al.144 and 12.4 g kg-1 by Jayarathne et 

al.25 likely due higher EFPM2.5 as discussed in section 3.1.  

Cookstove EFOC and EFEC observed in this study ranged 0.4-5 g kg-1and 0.5-24 g 

kg-1, respectively (Table S3.1). For 3-stone and envirofit rocket cookstove types EFEC is 

always higher than that of OC (Figure 3.4). High EC emissions are not unexpected due to 

flaming combustion as evident by high MCE (0.963-0.985) values. The EC and OC 

emission factors were higher for traditional 3-stone cookstoves than improved cookstoves 

for similar fuel types. But this difference was not prominent as observed for gaseous 

aromatic hydrocarbons, phenolic compounds and furans as shown by Stockwell et al.94 

Similarly, EFEC and EFOC depended on firewood type showing 15 times and 6 times high 

EFEC and EFOC for ocote than red oak or Douglas fir, respectively (Figure 3.4). Over all, 

cookstoves (5.9±9.1 g kg-1) and grasses (2.3±2.2 g kg-1) had the highest EFEC which had 
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relatively higher MCE values than other burns. However, a significant correlation (p > 

0.37) was not observed between MCE and EC for any of the fuel categories. Most of the 

EFEC observed in this study is considerably higher than the previously reported values for 

similar fuel types.25, 50, 98, 100, 141 

The average WSOC fraction of OC ranged from 24±2 % for peat to 71±10 % for 

wheat straw (Table 3.1). Noticeably lower fractions were observed for peat (21-34%) 

than the rest of the fuels (33-78 %). The lower WSOC fraction of peat burning aerosol is 

similar to recently reported values, 16±11 % by Jayarathne et al.25 for Indonesian 

peatland fire emissions. This indicates the presence of hydrophobic organic compounds 

in peat fire emissions. The conifer WSOC fraction (45-52 %) observed in this study was 

higher than the values (29-37 %) reported by Iinuma et al.100 WSOC can influence on 

aerosol hygroscopicity. Therefore, particles containing high fraction of WSOC can 

effectively activate a cloud droplet.    

                

3.4.3 Composition of Organic Carbon 

PM samples collected from black spruce (n=3), ponderosa pine (n=1), rice straw 

(n=2), sawgrass (n=1), wiregrass (n=1), peat (n=5) and cooking fires (n=9) were further 

speciated to quantify polycyclic aromatic compound (PAHs), hopanes, n-alkanes, 

anhydrosugars and sterols. On average, anhydrosugar fraction (19-46 %) dominated the 

OC fraction in conifers, agricultural residues and grasses while n-alkane fraction (21-32 

%) dominated the peat PM OC (Figure 3.5). The higher n-alkane OC mass fraction is 

indicative to peat fire emissions likely due to the higher plant wax content in peat soil due 

to accumulation of those over the time of decomposition compared to other biomass 
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fuels.25, 142, 148, 149  Cookstove emissions had a distinct variation based on the firewood 

type more than the cookstove technology. Anhydrosugars comprised to 7 % of red oak 

and Douglas fir OC mass while n-alkanes contributed to 3 % of millet OC mass. 

Surprisingly, both ocote burns resulted very high PAH mass fraction of OC (~5 %) 

relative to any other fuel types tested in the study. This is on par with the very high EFEC 

observed for these two burns as PAHs are frequently associated with soot.150, 151 

 

Anhydrosugars: 

Levoglucosan (LG), mannosan (MN) and galactosan (GL) are quantified as 

anhydrosugars which are pyrolysis products of cellulose and hemicellulose in plant 

tissues.152 Except two ocote burns, LG showed the highest individual EF among all the 

speciated organic compounds having EFLG from ~40 mg kg-1 for EZstove-millet 

cookstove to ~40,000 mg kg-1 for ponderosa pine (Table 3.2 and Table S3.2). This wide 

variation of EFLG is likely due to wide variation of EFOC and variable content of cellulose 

in plant tissues.153 Similarly, literature reported EFLG values from previous laboratory and 

field studies also vary in the range of three orders of magnitude; thus the observed range 

during this study is comparable.100, 154 The maximum EFLG reported by Iinuma et al. 

(2007) is 4600 mg kg-1 for German peat which is an order of magnitude less EFLG than 

the maximum value we observed in this study. However, LG mass fraction of OC is 

similar in both cases with 36 % in Iinuma et al. (2007) and 31 % in this study. Therefore, 

high EFLG in this study was primarily due to high OC emissions. A strong correlation (r = 

0.81; p < 0.01) was observed between EFOC and EFLG; thus emission of LG could 

consider as a function of OC emission. LG mass fraction of OC showed a distinct 
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variation among different fuel categories. On average, cookstoves (3.5±2.6 %) and peat 

(6.4±1.8 %) had the lowest LG mass fraction of OC; black spruce (18.1±0.4 %) and 

ponderosa pine (14 %) showed an intermediate mass fraction while sawgrass (27 %) , 

wiregrass (34 %) and rice straw (45 %) showed the highest LG mass fraction of OC 

(Table 3.2). This is likely due to differences of cellulose content in each fuel type.153 The 

relative proportion of cellulose and hemicellulose in different plant species can give rise 

to distinct profiles of LG, MN and GL in biomass burning smoke. Thus, LG:MN ratio has 

been suggested as an potential indicator for identifying biomass burning emissions from 

different fuel types.155, 156 Similarly, ponderosa pine (4.2), black spruce (7.7±1.6) and 

cookstoves (4.3) were characterized by relatively low LG:MN ratio, peat (23-27) and 

grasses (21-22) were characterized by intermediate LG:MN ratio and rice straw (47) was 

characterized by high LG:MN ratio (Table 3.2). These ratios are in an agreement with 

previously reported values in literature and could be helpful indicators to separate fresh 

biomass smoke of different fuel types.155 

 

n-Alkanes: 

n-Alkanes showed an odd carbon preference with maximum contribution either 

from C27, C29 or C31 which is indicative to pyrolysis of plant waxes.157 The carbon 

preference index (CPI = Codd/Ceven) was calculated for all the quantified n-alkanes and 

average CPI ranged from 1.3 to 2.6 (Table 3.2) which is similar to previously reported 

values for biomass burning emissions.100, 142, 158 Relatively lower CPI values (1.2-1.5) 

were observed for peat than other fuels (1.5-2.6) except an ocote fire (burn # 115) which 

yielded a CPI of 1.3 (Table S3.2). Total n-alkane EFs were relatively lower for 
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cookstoves (6.3-157 mg kg-1), grasses (212-479 mg kg-1) and rice straw (406-653 mg kg-

1) than peat (325-1495 mg kg-1) and conifers (877-2888 mg kg-1). The higher EFs for peat 

and conifers are probably due to high content of plant wax per unit mass due to 

accumulation of those by decaying labile soft plant tissues or containing thick waxy 

epiticular layers or resin deposits in plant materials.153 The n-alkane mass fraction of OC 

(1.4-32 %) observed in this study is slightly higher than the previously reported values 

(0.11-11 %) for similar fuel types.100 

 

Other carbonaceous products: 

Emission of sterols, PAHs and hopanes from biomass burning is generally less 

significant compared to anhydrosugars and n-alkanes due to their lower abundance, but 

frequently detected in biomass smoke.154, 159  

 

Sterols: 

Cholesterol, stigmasterol, β-sitosterol and campesterol were quantified as sterols. 

Among them cholesterol is associated with fauna while stigmasterol, sitosterol are 

markers for biomass smoke in general, and campesterol has been recognized as a specific 

tracer for grasses (graminacea spp.).160 Cholesterol was consistently detected in 

cookstove emissions, but in very low quantities (<2 mg kg-1). This is likely due to human 

contaminations due to handling of firewood.161 On average, β-sitosterol were the most 

abundant sterol and higher EFs were observed for conifers than other fuel types (Table 

3.2).  Campesterol was detected only in rice straw and wiregrass emissions which both 
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belong to family graminacea. Thus, the specificity of campesterol for grass burn 

emissions is further confirmed. 

 

PAHs: 

The total EF of PAHs ranged from 5.9 mg kg-1 for cookstove – Douglas fir chips 

to 908 mg kg-1 for ponderosa pine and within the range of previously reported values for 

similar fuel types.154, 159 On average, retene which is a tracer for softwood combustion 

was the most abundant PAH in conifers while pyrene and benzo(GHI)fluoranthene were 

the most abundant PAHs in other fuels. 

 

Hopanes:  

17α(H)-22,29,30-trisnorhopane, 17β(H)-21α (H)-30-norhopane and 17α(H)-

21β(H)-hopane was identified using authentic standards and detected only in peat PM 

samples. Terpenoid and hopanoid hydrocarbon compounds that have the hopane-

skeleton, which are derived by bacterial conversion of organic matter are ubiquitous in 

peat soil, but is not available in other studied fuel types.162-167 Thus, presence of hopanes 

in peat PM is not surprising. The total EF for hopanes ranged from 32 mg kg-1 to 121 mg 

kg-1 (Table S3.2). Norhopane had the highest OC mass fraction followed by 

trisnorhopane and hopanes and a fairly consistent ratio of 0.2:0.7:0.1 was observed 

among trisnorhopane, norhopane and hopane for all the peat samples (Table 3.2). These 

observations are consistent with recent studies on in-situ peat emission characterization 

from Indonesian peatland fires.25  
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3.4.4 Composition and Emission Factors of Water-soluble Inorganic Ions 

Although biomass burning PM is primarily dominated by carbonaceous materials, 

water-soluble inorganic ions also can contribute to a significant fraction. Inorganic ions 

comprise to a larger fraction of PM2.5 emitted by agricultural residues (4.9-69 %) and, 

grasses and other perennial plants (6.0-23 %) relative to the other fuel categories (0.61-

4.2 %) (Figure 3.1b). The higher inorganic mass fraction is associated with fuels, that 

have higher MCEs because inorganic ions effectively transfer to aerosol phase when 

combustion is more complete and combustion temperature is high.168 Ion mass fraction of 

agricultural residues and grasses is dominated by K+ and Cl-, thus, KCl could be the 

primary inorganic compound in these PM. Similarly, K+ showed a strong negative 

correlation with MCE for grasses and Cl- showed a moderate negative correlation with 

MCE for both agricultural residues and grasses (Figure 3.2c-d) Next to K+, NH4
+ is the 

second abundant cation in agricultural residue samples and most likely they are in the 

form of NH4Cl as Cl- molar concentration is always higher than that of K+ in agricultural 

residue burning PM. Sulfate was the second abundant anion in grasses and other 

perennial category, and most likely those are in the form of K2SO4 as excess K+ molar 

concentration was observed in these PM relative to Cl-, in contrast to agricultural 

residues. The observed high K+, NH4
+,Cl- and SO4

2- emissions are consistent with the 

reported high concentration of particulate phase potassium, ammonium, chloride and 

sulfate from field measurements of savanna fires in Africa and rice straw burning in 

Taiwan.155, 169, 170 Apart from these 4 major ion species, F- also comprises ~0.1% of PM 

mass. A comprehensive description of F- emission is already published as a companion 

manuscript and will not discuss in detail here.140 Na+ and Ca2+ comprised another ~0.2% 
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of PM mass fraction while Mg2+ was not detected in any of the PM samples. This 

indicates the minimum resuspension of soil dust during the combustion process.  

The average EFtotal ion varied in a larger range from 103 mg kg-1 for cookstoves to 

17300 mg kg-1 for rice straw – China showing PM2.5 mass fractions of 1.6 % and 62 %, 

respectively. The second highest EFtotal ion was 3450 mg kg-1 for hay (Table 3.3), but 

contributed only 13 % of total PM mass. The exceptionally high EFtotal ion in Chinese rice 

straw is likely due to accumulation of inorganic elements in rice plant, may be associated 

with higher usage of fertilizer or mineral-rich irrigation water. Considering individual 

burns, agricultural residues showed the highest EFtotal ion ranging 263-4800 mg kg-1 with 

average PM2.5 mass fraction of 5-69 %. However, the extremely high EFs of Chinese rice 

straw, 21000 mg kg-1 and 29000 mg kg-1 were excluded from this range (Table S3.3). The 

observed EFtotal ion in this study for agricultural residues are in a very good agreement with 

EFs computed from previous FLAME-2 experiment.98 Grasses and other perennial plants 

EFtotal ion ranged 86-3450 mg kg-1 and PM2.5 mass fractions ranged 6-23 %. Overall, these 

values are higher than the EFs reported by Iinuma et al.100 and May et al.,141 but similar to 

EFs reported by McMeeking et al.98 for savanna fuels. Conifers and peat showed the 

lowest water-soluble ion emission factors and EFstotal ion ranged 243-2520 mg kg-1 and 

181-798 mg kg-1, respectively. Similarly, the PM2.5 mass fraction of water-soluble ions 

were <4% for these fuel types. However, EFs observed in this study are higher than the 

EFs reported by Iinuma et al.,100 McMeeking et al.98 and Jayarathne et al.25 for pine, 

spruce and peat.                          
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3.4.5 Composition and Emission Factors of Metals 

On average, metal oxide contributions to PM mass is ~1%. Al, Si and Fe were the 

most abundant metals in biomass burning emissions and study average of total metal EF 

is ~400 mg kg-1 (Table S3.4). Generally, higher EFs were observed for the agricultural 

residues, probably due to accumulation of those elements inside plant tissues from 

chemical sprays, fertilizers and irrigation water apply in the agricultural practices. 

     

3.5 Conclusion 

This work presents the chemical characterization of biomass burning PM2.5 

emitted from combustion of 5 different biomass categories; including conifers (black 

spruce, ponderosa pine), agricultural residues (millet, rice straw, wheat straw, sugar 

cane), grasses and other perennial plants (African grass, sawgrass, wiregrass, Hay, 

alfalfa, manzanita, chamise), peat (N.Carolina, Canada, Indonesia) and cookstoves (red 

oak, douglasfir, ocote, millet) during the fourth Fire Laboratory at Missoula experiment 

(FLAME-4). These biomass categories included both historically undersampled and well-

studied fuels while adding new instrumentation and experimental methods to provide 

previously unavailable information on chemical properties of biomass burning emissions. 

This manuscript primarily focused on chemical characterization of PM and several 

companion papers have already been published on gas-phase characterizations.94, 95, 139 

and particulate fluoride emissions.140  

The sampled PM2.5 is chemically characterized and EFs were computed for PM2.5 

mass, OC, EC, WSOC, water-soluble inorganic ions, metals and organic species using 

various analytical techniques. Generally, EFs varied with fuel type and the geographic 
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location where it was harvested, burning condition (stack vs room) and MCE. The MCEs 

ranged from 0.683 for peat to 0.985 for cookstoves, from complete smoldering 

combustion to mixture of flaming and smoldering. Further, PM was collected from 

multiple fires from same fuel under different MCEs. Thus, were able to assess the 

differences in PM emission for a single fuel type under different combustion efficiencies 

and can be expected to enhance the accuracy of model emission estimates as pointed out 

by Yokelson et al.135 The EFPM2.5 and EFOC depended on MCE having higher EFs towards 

lower MCEs. However, agricultural residues did not show a correlation with MCE, and 

thus, this relationship strongly depended on biomass types. EFion depend most on the fuel 

type rather than the MCE showing higher ion mass fraction of PM for agricultural 

residues and grasses relative to other fuel types.  

Anhydrosugars dominated the OC mass fraction of conifers, agricultural residues 

and grasses while n-alkanes dominated the OC mass fraction of peat. The OC emission 

profile of cookstoves were depend on the fuel type rather than the cookstove technology 

showing major contributions from anhydrosugars for red oak, n-alkanes for millet and 

PAHs for ocote. The particularly high EFPAH and EFEC were characteristic to ocote 

relative to other tested firewood types. Based on personal communications with the 

firewood users and direct observations of the ocote fires during the experiment, it is a 

resinous wood burning with a heavy smoke, and on par with high PAH and EC emission 

factors. Considering the health risk associated with PAHs, human exposure studies are 

needed to evaluate the health risk associated with ocote emissions.  
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3.6 Supporting Information 

Table S3.1: Emission factors of PM2.5, EC, OC and WSOC mass fraction of OC 

for individual burns; Table S3.2: Emission factors of organic species for individual burns; 

Table S3.3: Emission factors of water-soluble inorganic ions for individual burns; Table 

S3.4: Emission factors of metals for individual burns. 
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Figure 3.1: Average a) PM2.5 composition and b) water-soluble ion mass fraction of 
PM2.5 for different fuel categories. 

Mass Fraction of PM2.5

0.0 0.2 0.4 0.6 0.8 1.0

Cookstov e - Millet
Cookstov e - Ocote

Cookstov e - Douglasf ir
Cookstov es - Red oak

Peat - Indonesia
Peat - Canada

Peat - N. Carolina
Chamise

Manzanita
Alf alf a

Hay
Wiregrass
Sawgrass

Af rican Grass
Sugar Cane

Wheat Straw - Washington, USA
Wheat Straw - Mary land, USA
Wheat Straw - Colorado, USA

Rice Straw - Malay sia
Rice Straw - China

Rice Straw - Calif ornia, USA
Rice Straw - Taiwan

Millet
Ponderosa Pine

Black Spruce

EC 
OC 

Water-soluble ions
Metal oxides 

Other mass 

C
on

ife
rs

Ag
ric

ul
tu

ra
l r

es
id

ue
s

G
ra

ss
es

 a
nd

 p
er

en
ni

al
s

Pe
at

o

*
o

o

o

o

o

o

o

o

*

*

* PM2.5 is not detected
o PM2.5 is below the speciated mass

Ion Mass Fraction of PM2.5

0.0 0.1 0.2 0.3 0.6 0.8

a) b)

Sodium 
Ammonium 
Potassium 
Calcium 
Fluoride 
Chloride 
Nitrate 
Sulf ate 

*

*
*C

oo
ks

to
ve

s

   



66 
 

Figure 3.2: Fire-integrated PM2.5 emission factors (EF) as a function of fire-integrated 
modified combustion efficiency (MCE) for a) PM2.5 mass, b) OC, c) K+ and 
d) Cl- for individual sample data. Solid lines indicate the linear regression of 
EF onto MCE with Pearson’s r and p values, color coded by biomass 
category. (Agricultural residues EFPM2.5, EFOC, EFK+ and EFCl- did not show a 
significant correlation with MCE, and conifers EFK+ did not show a 
significant correlation with MCE. Thus, not shown in the graphs).   
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Figure 3.3: Backup filter OC loading as a function of front filter OC lading. Error bars 
represent propagated analytical uncertainty.  
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Figure 3.4: OC and EC emission factors for different cookstove types. Error bars 
represent propagated analytical uncertainty. 
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Figure 3.5: Organic carbon mass fraction of the speciated compound classes in select 
fuel samples. The individual emission factors are available in Table S3.2.  
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Table 3.1: Average emission factors of PM2.5, EC, OC and WSOC mass fraction of OC 
for each biomass burning category (average ± 1 SD; standard deviation is 
given only for n ≥ 3). Individual sample EF data is available in Table S3.1.  

Category Biomass Type - Location 
Number 

of 
Samples 

EF PM2.5  
(g kg-1) 

EF EC  
(g kg-1) 

EF OC  
(g kg-1) 

WSOC 
Fraction of 

OC (%) 

Conifers 
Black Spruce 8 41±29 1.7±0.8 32±21 52±6 

Ponderosa Pine 10 45±32 2.0±1.3 46±41 45±7 

Agricultural 
residues 
 

Millet 1 ND 0.5 1.2 NM 

Rice Straw - Taiwan 3 6.6±1.9 0.9±0.7 7.7±5.6 47±10 

Rice Straw – California, USA 1 8.9 1.4 7.1 NM 

Rice Straw - China 3 23±15 1.0±0.5 9.5±3.3 41±13 

Rice Straw - Malaysia 2 36 0.8 26 48 

Wheat Straw – Colorado, USA 5 17±13 1.0±0.9 7.3±6.4 71±10 
Wheat Straw – Maryland, 
USA 1 6.3 0.6 1.5 48 

Wheat Straw – Washington, 
USA 2 17 0.9 4.6 42 

Sugar Cane 2 34 0.97 28 48 

Grasses and 
other 
perennial 
plants 

African Grass 6 1.9±1.7 1.0±1.3 0.90±1.1 NM 

Sawgrass 9 4.6±0.8 2.7±2.3 1.3±1.1 NM 

Wiregrass 5 12±9 4.4±2.6 2.9±2.7 NM 

Hay 4 27±36 1.2±0.5 22±31 NM 

Alfalfa 1 42 0.7 31 NM 

Manzanita 1 21 6.1 8.5 NM 

Chamise 4 8±3 1.1±0.3 5±3 NM 

Organic soil 

Peat – N. Carolina 2 32 ND 34 30 

Peat – Canada 1 ND ND 6.8 NM 

Peat – Indonesia 3 80±46 1.7±0.1 52±18 24±2 

Cookstove 

Cookstoves – Red oak 3 ND 1.2±0.2 0.84±0.4 NM 

Cookstoves - Douglasfir 3 ND 1.7±1.3   1.1±0.4 NM 

Cookstoves - Ocote 2 ND 22 4.2 NM 

Cookstoves - Millet 1 ND 1.0 1.7 NM 

ND-not detected; NM-not measured 
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Table 3.2: Average emission factors of speciated organic compounds in mg kg-1 for 
selected fuel categories (average ± 1 SD; standard deviation is given only for 
n ≥ 3). Individual sample EF data is available in Table S3.2.    

 Conifers Agri. residues Grasses Organic soil Cookstove 

  Black Spruce 
(n=3) 

Ponderosa 
Pine (n=1) 

Rice Straw - 
China (n=2) 

Sawgrass 
(n=1) 

Wiregrass 
(n=1) 

Peat - N. 
Carolina 

(n=2) 

Peat - 
Indonesia 

(n=3) 

Cookstoves 
(n=9) 

PAHs                 
Phenanthrene 14±2 58 1.4 1.4 1.5 2.0 2.5±2.5 4.0±7.1 
Anthracene 3.0±0.5 20 0.71 0.39 0.37 2.1 0.80±0.54 1.2±2.1 
Fluoranthene 19±8 86 7.4 8.7 8.1 1.8 2.6±1.6 8±11 
Pyrene 23±10 99 8.7 9.9 9.9 4.5 3.3±2.2 8±12 
9-Methylanthracene ND 7.2 ND ND ND 1.4 0.50±0.48 0.20±0.30 
Benzo(GHI)fluoranthene 4.8±1.3 52 6.6 14.6 6.0 9.0 1.7±1.0 7±10 
Cyclopenta(cd)pyrene 3.8±1.8 31 4.4 12 3.0 2.6 0.96±0.58 ND 
Benz(a)anthracene 3.2±1.0 31 5.5 7.5 2.1 1.0 1.9±1.2 4.4±7.0 
Chrysene 3.4±1.4 34 6.0 7.6 2.1 1.3 2.6±1.7 3.7±5.9 
1-Methylchrysene 0.91±0.04 8.9 0.95 ND ND 0.91 2.0±1.1 0.26±0.45 
Retene 61±15 351 3.9 0.95 3.4 5.8 1.6±0.4 1.4±1.5 
Benzo(b)fluoranthene 3.3±0.2 28 4.6 5.9 1.9 0.67 1.1±0.7 3.0±4.3 
Benzo(k)fluoranthene 1.2±1.1 15 2.9 6.6 1.5 0.33 0.22±0.14 4.2±6.8 
Benzo(j)fluoranthene 0.8±0.1 7.7 1.5 2.7 0.66 0.84 0.22±0.18 1.9±3.0 
Benzo(e)pyrene 1.3±0.3 12 2.5 4.6 1.5 2.5 1.0±0.6 1.8±2.5 
Benzo(a)pyrene 2.1±0.7 25 4.4 9.6 2.0 3.2 0.83±0.56 4.7±7.5 
Perylene 0.22 3.4 0.48 1.5 0.27 0.80 0.49±0.22 1.0±1.4 
Indeno(1,2,3-cd)pyrene 0.8±0.7 17 2.8 8.4 1.4 0.86 ND 3.5±5.5 
Benzo(GHI)perylene  0.89±1.2 12 2.3 6.9 1.5 0.21 ND 2.4±3.6 
Dibenz(ah)anthracene 1.1 3.3 0.73 0.82 0.31 1.1 ND 0.55±0.80 
Picene 1.50±0.04 6.5 1.3 1.9 0.44 0.48 ND 1.1±1.6 
Hopanes         17α(H)-22,29,30-
Trisnorhopane ND ND ND ND ND 6.0 20±9 ND 

17β(H)-21α(H)-30-
Norhopane ND ND ND ND ND 25 51±24 ND 

17α(H)-21β(H)-Hopane ND ND ND ND ND 4.6 10±8 ND 
n-Alkanes         Tetradecane 14±10 32 1.2 4.3 6.5 ND ND 0.42±0.28 
Pentadecane 15±2 125 4.7 13 10. ND ND 1.2±1.0 
Hexadecane 7.30 ND ND ND 10. 28 ND 0.59±0.36 
Heptadecane 58±60 147 8.0 3.4 10. ND ND 1.0±1.3 
Octadecane ND ND ND ND 0.78 8.6 6.3 0.5±1.1 
Nonadecane 50±29 45 13 4.9 8.0 9.5 26 1.5±2.8 
Eicosane 14±9 25 0.85 2.0 5.3 37 31±33 1.2±2.2 
Heneicosane 59±19 26 11 5.5 7.6 53 104±28 1.7±2.3 
Docosane 41±31 101 3.2 6.7 19 27 86±40 1.4±1.6 
Tricosane 83±66 133 17 14 14 59 95±9 2.1±2.0 
Tetracosane 53±39 105 7.6 7.2 9.7 40 98±5 1.7±1.8 
Pentacosane 128±41 173 43 19 26 54 104±6 3.3±3.5 
Hexacosane 89±27 119 34 9.6 18 13 62±23 2.6±3.1 
Heptacosane 144±63 251 50 23 43 69 137±5 4.7±4.3 
Octacosane 99±59 85 39 13 24 74 120±4 3.2±3.9 
Nonacosane 185±114 146 70 26 63 91 179±12 4.5±4.3 
Triacontane 119±159 67 41 13 22 56 102±2 2.7±3.4 
Hentriacontane 140±137 235 50 15 91 58 81±6 3.2±3.4 
Dotriacontane 104±143 43 3 7.4 11 25 49±2 1.9±3.0 
Tritriacontane 101±119 132 47 15 59 16 38±1 2.2±2.9 
Tetratriacontane 33±23 99 41 1.0 6.2 11 23±2 1.1±1.3 
Pentatriacontane 112±116 96 34 8.7 13 0.65 7.5±4.6 1.5±1.7 
CPI (Codd/Ceven) 2.0±0.1 2.2 1.6 2.3 2.6 1.4 1.3±0.1 1.7±0.2 
Anhydrosugars         Levoglucosan 16377±8640 38848 7848 3043 5702 188 799±299 89±79 
Mannosan 2327±1563 9180 165 148 255 7.8 30±11 30±19 
Galactosan 937±752 7062 13 122 189 6.6 13±7 18±12 
LG mass fraction of OC (%) 18.1±0.4 14 45 27 34 4.8 6.4±1.8 3.5±2.6 
LG:MN ratio 7.7±1.6 4.2 47 21 22 23 27±6 4.3±0.7 
Sterols         Cholesterol ND ND 5.7 ND ND ND ND 0.84±0.74 
Stigmasterol 95 ND 120 ND 26 ND 9.7 2.5±2.4 
β-Sitosterol 1320±765 1988 273 ND 133 29 76±52 2.3±3.2 
Campesterol ND ND 192 ND 56 ND ND ND 
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Table 3.3: Average emission factors of water-soluble ions for each biomass burning 
category. (average ± 1 SD; standard deviation is given only for n ≥ 3). 
Individual EFs are given in Table S3.3. 

 Biomass Type n EF Na+
 

(mg kg-1) 
EF NH4

+ 
(mg kg-1) 

EF K+  
(mg kg-1) 

EF Ca2+ 
(mg kg-1) 

EF F- 
(mg kg-1) 

EF Cl-  
(mg kg-1) 

EF NO3
- 

(mg kg-1) 
EF SO4

2- 
(mg kg-1) 

Conifers 
Black Spruce 4 15±16 111±124 268±295 36±40 33±47 232±222 68±62 263±330 

Ponderosa Pine 7 60±112 27±24 227±72 138±315 44±45 148±192 142±273 99±29 

Agricultural 
residues 
 

Millet 1 <6.7 17 284 11 <3.9 241 <6.4 <13 

Rice Straw - Taiwan 3 7.1 437±186 212±26 20±16 14±13 666±159 23±2 79±15 

Rice Straw - China 3 2.7±2.7 2268±1843 5348±4303 5.0±3.2 4.8±5.5 9077±7274 676 498±398 

Rice Straw - Malaysia 1 2.9 295 227 10 98 943 46 148 

Wheat Straw – Colorado, USA 3 11±5 125±17 157±58 34±17 7.5±3.7 363±137 132±105 <13 

Wheat Straw – Maryland, USA 1 17 392 1864 4.0 <1.3 2488 <16 37 
Wheat Straw – Washington, 
USA 2 7.1 353 410 26 11 660 49 243 

Sugar Cane 2 25 332 304 19 84 723 39 177 

Grasses and 
other 
perennial 
plants 

African Grass 6 8.3±7.0 128±220 69±96 6.6±9.0 1.3±0.8 237±375 18±11 93±126 

Sawgrass 1 4.7 4.1 647 <8.6 <3.4 256 21 261 

Wiregrass 1 63 119 1073 <24 <3.4 1236 9.9 103 

Hay 1 <2.8 67 1622 <13 <3.5 1569 <6.3 194 

Alfalfa 1 14 39 1213 <9.7 51 927 <7.5 251 

Manzanita 1 4.2 6.6 895 <17 28 274 80 461 

Chamise 1 <2.4 5.2 738 <31 <1.8 188 30 177 

Organic soil 

Peat – N. Carolina 2 21 219 <8.1 12 <3.6 498 <22 43 

Peat – Canada 1 480 34 <12 <8.4 <26 62 99 122 

Peat – Indonesia 3 12±4 92±49 <16 7.7±3.2 <5.6 226±118 60±10 90±34 

Cookstove Cookstoves 5 4.8 9.5±6.9 20±6 16.8 <32 20±14 31±11 <39 

ND-not detected; NM-not measured 
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CHAPTER FOUR 

EMISSON OF FINE PARTICULATE FLUORIDE FROM BIOMASS BURNING2 

4.1 Abstract 

The burning of biomasses releases fluorine to the atmosphere, representing a 

major and previously uncharacterized flux of this atmospheric pollutant. Emissions of 

fine particle (PM2.5) water-soluble fluoride (F-) from biomass burning were evaluated 

during the fourth Fire Laboratory at Missoula Experiment (FLAME-IV) using scanning 

electron microscopy energy dispersive X-ray spectroscopy (SEM-EDX) and ion 

chromatography with conductivity detection. F- was detected in 100% of the PM2.5 

emissions from conifers (n=11), 94% of emissions from agricultural residues (n=16), and 

36% of the grasses and other perennial plants (n=14).  When F- was quantified, it 

accounted for an average (± standard error) of 0.13 ± 0.02 % of PM2.5. F- was not 

detected in remaining samples (n = 15) collected from peat burning, shredded tire 

combustion, and cook-stove emissions.  Emission factors (EF) of F- emitted per kilogram 

of biomass burned correlated with emissions of PM2.5 and combustion efficiency and also 

varied with the type of biomass burned and the geographic location where it was 

harvested. Based on recent evaluations of global biomass burning, we estimate that 

biomass burning releases 76 Gg F- yr-1
 to the atmosphere, with upper and lower bounds of 

40 – 150 Gg F- yr-1. The estimated F- flux from biomass burning is comparable to total 

fluorine emissions from coal combustion plus other anthropogenic sources. These data 

                                                 
2 This chapter was previously published as Jayarathne, T.; Stockwell, C.; Yokelson, R.; Nakao, S.; Stone, 
E.; “Emissions of Fine Particle Fluoride from Biomass Burning.” Environmental Science and Technology, 
2014, 48, 12636-12644. 
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demonstrate the biomass burning represents a major source of fluorine to the atmosphere 

in the form of fine particles, which have potential to undergo long-range transport. 

4.2 Introduction 

Fluorine is the 13th most abundant element on earth and is widely dispersed across 

the lithosphere, hydrosphere, atmosphere, and biosphere.171 The vast majority of fluorine 

is present in the form of minerals, such as fluorapatite (Ca5(PO4)3F), fluorite (CaF2), 

cryolite (Na3AlF6), and clay.172 Fluorine contents of soils are dependent on soil parent 

material; soils that are derived from sedimentary fluorite or phosphate deposits or those 

that have regular inputs of volcanic ash are enriched in fluorine.173 F- may also be 

adsorbed to compounds in soil particles that contain Fe, Al, and Ca, which form 

complexes with F-.172  

Fluorinated compounds in the atmosphere include inorganic gases (e.g. HF, SF6, 

SiF4, F2, H2SiF4), organic compounds (fluorocarbons, perfluorocompounds, 

trifluoroacetic acid), and minerals (CaF2, NaF, Na2SiF6, NaAlF4).174-178 It is estimated 

that mixing ratios of gaseous organic fluorine in the troposphere average ~1 ppb, while 

gaseous inorganic fluorine is 0.1 – 0.4 ppb.175 Some fluorinated gaseous compounds have 

long atmospheric lifetimes and are transported to the stratosphere where they deplete 

ozone.179, 180 Particle-phase fluorine, however, is not as well characterized in terms of its 

background levels, global distribution, and sources.179, 180  

Fluorine-containing particles enter the atmosphere via natural sources including 

the resuspension of soil dust, marine aerosols, and volcanic eruptions.181, 182 

Anthropogenic activities, particularly industry, emit fluorinated compounds by (e.g.) 

aluminum smelting, brick manufacturing, and coal burning and raise the concentration of 
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atmospheric fluorine well above the natural levels in many areas.175, 183, 184 Mechanisms 

of fluorine removal from the atmosphere depend on the chemical species in which it is 

present. Minerals are removed by dry deposition, while water-soluble gases (trifluroacetic 

acid and HF) are removed by precipitation. It has been shown that wet and dry deposition 

of atmospheric fluorine can elevate soil levels by 2 – 20 times their natural levels.172, 177, 

183, 185-187  

Decades of prior research have documented the accumulation of fluorine in plants 

when exposed to F- in the form of air pollution or rainwater.  F- is absorbed by plants via 

roots and leaves, stored in plant tissues, and thereby enters the food chain.177, 188 Plants 

naturally contain 2 – 20 µgF g-1 (dry weight),188 yet plants adjacent to industrial areas and 

active volcanoes, have been observed to accumulate up to 4000 µgF g-1.189, 190  Such 

accumulation of F- has been observed in numerous tropical plants, including Acacia, 

Oxylobium, Gastrolobium and Palicourea.191 Upon exposure to F- in excess of threshold 

levels, plants show signs of phytotoxicity, of which fluorosis, necrosis, and growth 

suppression are the most common symptoms.185, 188, 190, 192, 193 The effects of F- 

contamination vary by plant species, genotype, growth stage, and exposure.177, 190 Barley, 

corn, sorghum, gladiolus, fruit trees, douglas fir, and pines are among the plants most 

susceptible to F- contamination.194 

Although F- is an essential element in faunal skeletons, high concentrations are 

toxic. The harmless daily intake of F- for adult is about 1 mg day-1, while 5 mg day-1 can 

cause chronic F-poisoning in the form of dental or skeletal fluorosis.176, 195-197 

Additionally, reproductive, developmental, renal, neurological, endocrine, 

gastrointestinal and carcinogenic effects may result from exposure to F-.176 While direct 
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human health effects from exposure to ambient levels of atmospheric F- have not been 

reported, fluorosis has plagued animals that feed on F--contaminated foliage.176, 188, 198 As 

F- accumulates in plants, the burning of biomass may re-release this contaminant to the 

atmosphere.175, 179  

The focus of this study is the quantitative evaluation of F- emitted by plants 

during combustion. To the best of our knowledge, quantitative data was not previously 

available in the literature describing the emissions of particulate F- from biomass burning. 

The presence of F- is confirmed by two complementary analytical methods and 

quantitative analysis is achieved by ion chromatography with conductivity detection.  

These data are used to evaluate the content of F- in PM2.5 emitted from burning a range of 

biomass types harvested from diverse locations.  In turn, these data are used to estimate 

the contribution of F- to the atmosphere in PM2.5 by global biomass burning. 

 

4.3  Experimental Methods 

4.3.1 Fuel Harvesting and Storage 

A wide range of fuels were examined during the fourth Fire Laboratory at 

Missoula Experiment (FLAME-IV) including conifers, agricultural residues, grasses, 

perennial plants, organic soil (peat), shredded tires, and cooking fires. Conifers included 

fresh boughs of ponderosa pine harvested north of Missoula, Montana and fresh boughs 

of black spruce harvested near Fairbanks, Alaska. Agricultural residues included rice 

straw from Taiwan, China and Malaysia, organic baled wheat straw collected near Ft. 

Collins, Colorado, conventional winter wheat stubble and chaff collected near Waitsburg, 

Washington, wheat straw from Maryland, and sugar cane stalks from Louisiana.  The 
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grass and perennial plant category included stems of tall African grass harvested at three 

locations in Kruger National Park in South Africa, stems of sawgrass from the Savannah 

National Wildlife Refuge in South Carolina, Longleaf Pine wiregrass from the Carolina 

Sandhills National Wildlife Refuge, baled organic hay stems and organic alfalfa stems 

collected near Ft. Collins, Colorado, and whole manzanita plants and chamise from the 

San Jacinto Mountains in California. When harvesting plants, the leaves and woody 

portions were collected and were free of rocks and soil.  The study also examined 

emissions from peat collected in North Carolina, Canada, and Indonesia and various 

cookstoves burning red oak, okote, and Douglas fir, and shredded automobile tires. Fuels 

were shipped overnight to the Fire Sciences Laboratory and stored either at room 

temperature indoors, or in a refrigerator for 2-20 days, before they were burned.  A 

summary of the fuels analyzed in this study, burn conditions, and fuel moisture content is 

provided in the supporting information (Table S4.1).  Additional details about fuel 

harvesting are available elsewhere.95  

 

4.3.2 Combustion Facility and Burn Procedure 

Biomass samples were burned at the USDA Forest Service’s combustion facility 

at the Fire Science Laboratory (FSL) in Missoula, Montana during FLAME-IV. The FSL 

is equipped with a combustion chamber in an air-conditioned room (12.5 m × 12.5 m × 

22 m) and a fuel bed located in the middle of the chamber. Fuels (ranging in mass from 

0.1 – 4 kg) were burned over the course of 2-30 minutes under conditions (e.g. loading, 

geometry, etc.) designed to mimic natural field burning.95 Most fires were ignited with 

resistively heated coils, while others were ignited with a propane torch and sometimes 
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small amounts of alcohol were added.  During “stack burns” an inverted funnel located 

above the fuel bed carried the smoke through the exhaust stack at a constant flow rate 

(Figure 4.1). The PM2.5 sampler was positioned on a platform 17 m up the stack with the 

sampler inlet located at the center of the stack.101, 137, 199  For “room burns,” the 

combustion chamber was sealed by closing the exhaust stack and a large circulation fan 

was used to distribute the smoke evenly throughout the room (typically requiring 15-20 

minutes).  In this configuration, the PM2.5 sampler inlet was positioned at the North wall 

of the room.  In “stack” and “room” configurations, the biomass smoke was diluted 

significantly with room air to bring the smoke to ambient temperature and allow gas-

particle partitioning to equilibrate. 

 

4.3.3 PM2.5 Sample Collection  

PM2.5 samples were collected on 37 mm Teflon and quartz filters (Pall Life 

Sciences) in parallel using a custom-built PM2.5 sampler. Sampled smoke was drawn 

through conductive tubing (TSI) into cyclones (URG) with a 2.5 µm size-cut. The Teflon 

and quartz filter channels were operated at constant flow rates of 30 and 42 liters per 

minute (LPM), respectively. Flow-rates were monitored using a computer controlled 

program every two seconds. Filter samples were collected at ambient temperature and 

pressure, which ranged (and averaged ± one standard deviation) 15.1 - 28.8 oC (22.3 ± 

2.8 oC) and 890 – 914 mbar (901 ± 7 mbar), respectively.  Field blanks were collected 

every 7 samples.  
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4.3.4 Determination of PM2.5 Mass  

Before and after sample collection Teflon filters were conditioned for 48 hours in 

a desiccator and weighed using an analytical microbalance (Mettler Toledo XP26) in a 

temperature (21.9 °C) and humidity (25±5 %) controlled room. PM2.5 mass was 

calculated as the difference of pre-and post-sampling filter weights, which were 

determined in triplicate.  The mass of collected PM2.5 during each burn ranged from 

0.002 – 5.23 mg and averaged 1.0 mg per filter.  The uncertainty in the PM2.5 mass 

measurement was propagated from the standard deviation of the pre- and post-sampling 

filter weights and the standard deviation of the field blank mass; the relative error in 

PM2.5 mass concentrations was approximately 10%. 

 

 4.3.5 SEM-EDX Microanalysis 

SEM-EDX spectroscopy was used to confirm the presence of fluorine in three 

biomass burning samples. A sub-sample of a quartz fiber filter was mounted on a SEM 

sampling stub using double-sided carbon tape.  Morphology and PM2.5 composition were 

examined using a scanning electron microscope (Hitachi S-3400N) coupled with an 

energy dispersive X-ray spectrometer (Bruker) at 15.0 kV accelerating voltage. EDX 

spectra were collected for the fluorine Kα line at 676.8 eV and were used to map 

elemental fluorine distributions in PM2.5 samples. 

 

4.3.6 Aqueous Extraction and Ion Chromatography 

Prior to extraction, Teflon filters were cut in half using ceramic scissors and 

blades on a clean guided glass surface. The full and half-filter masses were measured on 
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an analytical balance (Mettler Toledo XS204) in order to accurately determine the 

fraction of filter extracted; results were scaled accordingly assuming uniform PM 

deposition.  Half of the Teflon filter was uniformly wet with 100 µL of isopropyl alcohol 

and subsequently extracted into 15.0 mL ultra-pure water (Thermo, BARNSTED 

EasyPure-II; 18.2 MΩ resistivity) by shaking 12 hours at 125 rpm. For every 10 samples, 

1 lab blank, 2 field blanks, and 1 spike recovery sample were prepared and analyzed.  

Extracts were filtered with 0.45 µm PTFE (Whatman) filters prior to analysis. 

Aqueous extractions of filter samples were analyzed by ion exchange 

chromatography (Dionex-ICS5000).  For anion analysis, a Dionex IonPacTM AS22 anion 

column was used.  The mobile phase consisted of 4.5 mM sodium carbonate (Na2CO3) 

and 1.4 mM sodium bicarbonate (NaHCO3) at a flow rate of 1.2 mL min-1. For cation 

analysis, a Dionex IonPacTM CS12A cation column was used.  The mobile phase 

consisted of 20 mM methane sulfonic acid and flowed at 0.5 mL min-1.  A conductivity 

detector (Thermo) was used for detection and was preceded by a self-regenerating 

suppressor (ASRSTM 300 for anions and CSRSTM 300 for cations). 

Anions and cations were identified against authentic standards (Dionex) and 

quantified with seven point calibration curves. For F-, the calibration curve ranged from 

0.010 – 1.00 mg L-1 (R2 ≥ 0.999) and the instrument detection limit (IDL), method 

detection limit (MDL), and average spike recovery were 2.2 µg L-1, 5.0 µg L-1, and 98 ± 

1 % (n=7), respectively. Figures of merit for other anions and cations are provided in 

chapter two, experimental methods (Table 2.2). The observed F- and alkaline earth metal 

concentrations were more than three orders of magnitude below the solubility limits of 

CaF2 and MgF2.  The F- concentration in the biomass smoke (µg m-3) was calculated 
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from the measured F- concentration (ppb), aqueous extract volume, fraction of the filter 

area extracted, and sampled air volume. The analytical uncertainty of the F- concentration 

was propagated using the MDL and 10 % of the measurement value. 

To confirm the presence of F- and evaluate potential matrix effects in quantitation, 

eight extracts with F- concentrations varying from 10 - 80 ppb were analyzed by the 

multi-point method of standard addition.  Each extract was split into 5 portions, and a 

known amount of F- was added to increase the F- concentration three to five fold. All 

sample portions were then re-analyzed and the F- concentration determined using 

standard addition calibration curves.  

 

4.3.7 Emission Factor and MCE Calculation 

The mixing ratios of CO, CO2, and 18 other gases were measured by an open-path 

Fourier transform infrared (OP-FTIR) spectrometer.137  Fire-integrated carbon monoxide 

(CO) emission factors (EFCO) in mass of CO per kg of dry fuel burned were calculated by 

Stockwell et al.95 following the carbon mass balance approach.200-202  Fire-integrated 

emission factors of PM2.5 and F- (EFPM2.5 and EFF) were calculated using CO as a 

reference species.  In Equation 4.1, the EF of component X was calculated as the product 

of the ratio of the mass of component X (MX) to CO (MCO) and the EFCO.  

CO
CO

X
X EF

M
MEF ×= (4.1) 

The uncertainty of EFX was propagated from the analytical uncertainties of EFCO 

(estimated at 5%), MCO which is accurate to 1-2 % when compared to NIST-traceable 

standards,203 and MX described previously.  This mass balance approach is rigorous, but 



82 
 

underestimates the CO, PM, and particle species EF by 1-2% because not all C-

containing species can be measured with current instrumentation.93 Fire-integrated 

modified combustion efficiency (MCE) was calculated as 

𝑀𝑀𝑀𝑀𝑀𝑀 =  ∆𝐶𝐶𝐶𝐶2 (∆𝐶𝐶𝐶𝐶 +  ∆𝐶𝐶𝐶𝐶2)⁄ .137 A high MCE value signifies a relatively complete 

combustion (i.e. flaming) and a low MCE value designates a less complete combustion 

(i.e. smoldering).137 

 

4.4 Results and Discussion 

4.4.1 Identification and Quantification of Fluoride 

The SEM image and EDX elemental map of fluorine for PM2.5 emitted from 

burning black spruce showed a high Kα emission signal for fluorine relative to the field 

blank (Figure 4.2).  It can be seen that the black spruce PM2.5 sample contained a 

relatively even distribution of fluorine across the filter. No fluorine agglomeration or 

crystalline structures was observed.  It is expected that F- is present in the form of a salt 

and is associated with major cations emitted by biomass burning (e.g. potassium or 

ammonium); however no patterns of fluorine associating with a particular element were 

observed in SEM-EDX images. These results show a random distribution of fluorine in 

biomass burning emissions, unlike the ordered crystalline structures involving chloride, 

fluoride, calcium, and magnesium observed by Hall et al. (1972) in some African 

plants.191 It is also possible the fluorine is present in the form of organofluorine 

compounds, such as monofluoroacetate, which is biosynthesized by more than two dozen 

plant species.194   
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Fluorine was observed and also further quantified as F- with ion-exchange 

chromatography and conductivity detection.  The chromatographic retention time for F- 

in a standard solution on the IC system was 3.13 minutes and all F- signals were observed 

within 3.13±0.05 minutes (±1 standard deviation, n = 237). Upon addition of F- to 

biomass burning extracts in the standard addition experiments, a consistent growth in the 

F- peak was observed with increasing concentrations of the added F- standard, further 

confirming its identity. The correlation plot of the F- concentration calculated from the 

external calibration curve and the standard addition calibration curve is given in the 

supporting information (Figure 4.3). A tight correlation (R2 = 0.994) and proximity of 

results to the 1:1 line confirmed the absence of interference or matrix effects in F- 

quantitation.   

 

4.4.2 Frequency of Fluoride Detection and Quantitation 

The frequency at which F- was detected and quantified in various biomass burning 

samples is summarized in Table 4.1 with individual sample data is provided in the 

supporting information (Table S4.1).  All PM2.5 samples collected from black spruce (n = 

4), ponderosa pine (n = 7), rice straw (n = 7), and sugar cane (n = 2) combustion 

contained quantifiable amounts of F-. Additionally, F- was detected in all wheat straw 

samples (n = 6), but was below the quantitation limit in one sample from each harvest 

location (Colorado, Washington, and Maryland). For grasses and other perennial plants (n 

= 13), F- was detected in only 38% of samples and quantified in 31%.  The remaining 

PM2.5 emission samples from peat (n = 6), shredded tires (n = 2), and cook-stoves (n = 7) 

did not contain detectable amounts of F-.  The detection of F- in some, but not all samples 
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within a fuel type (e.g. Colorado wheat straw and African grass) is attributed in part to 

differences in the amount of PM2.5 collected; heavily-loaded PM2.5 samples were more 

likely to contain measureable amounts of F- compared to filters with low PM2.5 loadings.   

 

4.4.3 Fluoride Contribution to PM2.5 

When F- was quantified, its percentage by mass of the PM2.5 varied by plant 

species, geographic location, and combustion conditions. The percent contribution of F- 

to PM2.5 is summarized in Table 4.1 by fuel type and location, with individual sample 

data presented in the supporting information (Table S4.1). Within the category of 

conifers, F- accounted for an average (± standard error) of 0.10 ± 0.01 % of PM2.5 (by 

mass).  Results from black spruce and ponderosa pine ranged from 0.06 to 0.14 % 

(averaging 0.09 %) and 0.09 to 0.15 % (averaging 0.11%), respectively, and were not 

statistically different from one another at the 95% confidence interval (p = 0.498).  For 

these two conifer species, the highest F- contributions to PM2.5 were observed for samples 

with the lowest MCE values (and vice versa), which indicated that PM2.5 is enriched in F- 

under incomplete combustion conditions.   

Agricultural residues showed a large degree of variability in F- across plant types 

and geographic location.  F- contributions to PM2.5 for individual samples ranged from a 

minimum of 0.01% for Colorado wheat straw  to a maximum of 0.44% for Louisiana 

sugar cane (Table S4.1), with an average of 0.15 ± 0.04 %.  The greater degree of 

variability is expected to result in part from differences in plant genotype, growth stage, 

and maturity of leaves.177, 204 The comparison of F- contribution to PM2.5 across rice straw 

from Taiwan (0.18 %), China (0.06 %), and Malaysia (0.28 %) reveals the importance of 
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geographic location and environmental exposure, which affect the chemical composition 

of the underlying soil, rainwater and/or irrigation water, and the use of fertilizers and/or 

pesticides. Prior studies have documented the enrichment of fluorine in plants in close 

proximity to atmospheric sources of fluorine (e.g. industry or volcanoes). To understand 

the relationship between fuel fluorine content and F- emissions, measurements of total 

fluorine in the fuel are needed, but were not possible in this study.  Similar to conifers, 

agricultural residue emissions of PM2.5 were also enriched in F- when MCE values were 

low, further demonstrating the important role of combustion conditions in the relative 

amount of F- in PM2.5.  Statistical analysis indicated that the F- contributions to PM2.5 

were not significantly different across the biomass types of conifers, agricultural residues, 

grasses, and perennial plants.  Overall, the average F- contribution to PM2.5 mass was 

0.13 ± 0.02 %. 

The comparison of the F- content in PM2.5 to other anions and cations provides 

information about the presence of inorganic salts in biomass burning emissions and the 

relative importance of F- among them.   The major anions observed in this study include 

chloride and sulfate and major cations include potassium and ammonium (Table 4.1), 

which agreed with prior studies of biomass burning.98, 205 The molar equivalents of 

anionic and cationic charge were 38 % different on average, with excesses of both cations 

and anions.  This imbalance suggests the presence of unmeasured contributors to charge 

(e.g. Fe2+
, H+, formate, acetate). The individual anion contributions to the measured molar 

anionic charge were 12 % F-, 65 % Cl-, 5.5 % NO3
-, 17 % SO4

2-
, and < 0.1 % bromide.  

Individual cation contributions to the total measured cationic charge were 3.7 % Na+, 39 

% NH4
+, 57 % K+, and 0.6 % Ca2+.  For these relative abundances of cations, it is 
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expected that F- predominantly forms inorganic salts with potassium (KF) and 

ammonium (NH4F). The low abundances of sodium and calcium, combined with no 

detection of magnesium, and suggests the presence of sodium fluoride (NaF), calcium 

fluoride (CaF2), and magnesium fluoride (MgF2) are unlikely. 

 

4.4.4 Fluoride Emission Factors  

EFPM2.5 and EFF express the mass of PM2.5 or F- emitted by combusting a unit 

mass of fuel and have units of g kg-1
 and mg kg-1, respectively.  Mean EF by fuel 

category and type are provided in Table 4.1, with data from individual burn experiments 

provided in the supplementary information (Table S4.1).  EFF varied over several orders 

of magnitude in individual burns (0.7 – 136 mg kg-1) with a study average (± standard 

error) of 38 ± 10 mg kg-1.  Variation in EFF was observed with respect to burn conditions 

(namely MCE) and fuel characteristics (i.e. type and geographic location). Figure 4.4 

shows the direct relationship between emissions of PM2.5 and F-
  for individual samples. 

Linear regressions for agricultural residues and grasses yielded y-intercepts that were not 

statistically significant, and were therefore forced through the origin. Strong correlations 

between EFPM2.5 and EFF for conifers (r = 0.991, p < 0.001) and grasses (r = 0.997, p = 

0.003) indicate that factors that influence total PM emissions from these fuels influenced 

F- emissions as well. A weaker, but also significant, correlation between EFPM2.5 and EFF 

was observed for agricultural residues (r = 0.707, p = 0.010), which is likely related to 

different environmental exposures of agricultural residues to fluorine and differing 

abilities of the studied plant species to accumulate fluorine. 
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EFPM2.5 and EFF depend the MCE of the burn (Figure 4.5).  Flaming combustion 

has MCE near 0.99 with nearly all burned carbon oxidized to CO2, while smoldering 

flames become enriched in CO and fine particles with MCE approaching 0.8.98, 137, 143 

Most fires, including those studied here, have intermediate MCE values with a mix of 

flaming and smoldering.137 Prior studies have shown that as MCE decreases below its 

maximum possible value of one, emissions of PM2.5 increase.98, 143 A significant negative 

correlation was observed between EFPM2.5 and MCE (Figure 4.5A) for conifers 

(Pearson’s r = -0.82, p = 0.002) and grasses (r = -0.986, p = 0.01).  The negative 

correlation for agricultural residues not statistically significant (r = -0.51, p = 0.5).  

Likewise, a significant negative correlation was observed between EFF and MCE values 

(Figure 4.5B) for conifers (-0.80, p = 0.003) and grasses (r = -0.97, p = 0.03), but was not 

significant for agricultural residues (r = 0.44, p = 0.2).  The dependence of EFF on MCE 

implies that fluorine in biomass may be lost to the ash, particle, or gas phase during 

combustion.  Volatile components of biomasses, such as N or P, are lost to the gas phase 

in proportion to the weight of biomass, whereas nonvolatile components, such as Ca, can 

accumulate in the ash.168 The relationship between EFF and MCE suggests that at high 

combustion efficiency, fluorine is transmitted to the ash or gas phase.  Future studies 

should target quantifying both ash-F and gaseous emissions of fluorine from biomass 

burning.  

For agricultural residues, EFF shows a greater dependence on plant type and 

geographic location.   For samples with intermediate MCE values ranging from 0.93 - 

0.96 (which controls somewhat for variability in combustion efficiency), Malaysian rice 

straw had the greatest EFF at 98 mg kg-1, followed by sugar cane at 51.0 mg kg-1.  The 
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lowest EFF were observed for rice straw from China (0.7-11 mg kg-1) and Taiwan (3.5-

9.1 mg kg-1) and wheat straw from Colorado and Washington (4.9-10.6 mg kg-1).  These 

data suggest plant type and environmental exposure to fluorine, which affect the fuel 

fluorine content177, 204 are important determinants in EFF.” 

 

4.4.5 Atmospheric Implications 

Biomass burning is a significant source of PM2.5 to the atmosphere, and we have 

shown that it also represents a significant source of F- to the atmosphere. While the 

selection of fuels analyzed in the FLAME-IV study do not include all biomass types, they 

represent a broad mixture of fuels types sampled from North America, Asia, and Africa, 

and constitute a starting point for estimating the amount of F- released to the atmosphere 

by biomass burning.  As shown in equation 4.2, the annual flux of fine particle F- to the 

atmosphere (𝑓𝑓𝐹𝐹) for a biomass burning category (i) was calculated as the product of the 

annual flux of PM2.5 (𝑓𝑓𝑃𝑃𝑃𝑃2.5 ) and the mass fraction of F- in PM2.5 (𝑝𝑝𝐹𝐹). 

𝑓𝑓𝐹𝐹 = ∑ 𝑓𝑓𝑃𝑃𝑃𝑃2.5,𝑖𝑖 𝑝𝑝𝐹𝐹,𝑖𝑖
𝑗𝑗
𝑖𝑖=1  (Equation 4.2)                                                                                                                 

Annual 𝑓𝑓𝐹𝐹 F- fluxes were summed over j biomass categories. Annual PM2.5 fluxes 

(𝑓𝑓𝑃𝑃𝑃𝑃2.5) were compiled by Andreae and Merlet (2001)84 and totaled 58.3 Tg yr-1.84 These 

global PM2.5 fluxes are consistent with a more recent compilation of global biomass 

consumption93 and are estimated to be accurate within a factor of two.206 The study 

average 𝑝𝑝𝐹𝐹 value (Table 4.1, all samples) was used, because the fluoride mass fraction 

was not significantly different across different fuel types. This estimation method 

assumes that the fuels examined in this study are globally representative with respect to 

𝑝𝑝𝐹𝐹.  Moreover, this calculation applies only to PM2.5 F- and does not capture gaseous 
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fluorine emissions, PM2.5 species beyond water-soluble F-, or PM10 fluorine from dust 

entrained in biomass burning plumes.   

Our best-estimate of the annual emissions of fine particle F- by biomass category 

is 76 Gg F- yr-1, with individual sector contributions are estimated to be with individual 

sector contributions from savanna and grassland (21 Gg yr-1), tropical forest (15 Gg yr-1), 

extratropical forests (11 Gg yr-1), biofuel burning (25 Gg yr-1), charcoal burning (0.4  Gg 

yr-1), agricultural residues (2.7 Gg yr-1). When considering a factor of two uncertainty in 

𝑓𝑓𝑃𝑃𝑃𝑃2.5, the upper and lower bounds of this flux are estimated to be 40 – 150 Gg F- yr-1.  

Biomass burning is significant source of F- in comparison to the anthropogenic 

sources of gaseous and particulate anthropogenic fluorine summarized in Table 4.2, 

including aluminum smelters and reduction plants (7-12 Gg yr-1),204 glass manufacturing 

(3 Gg yr-1),207 steel manufacturing (0.1 Gg yr-1, gaseous F only),204 phosphate processing 

(28 Gg yr-1),204, 208  and  coal combustion (12-102 Gg yr-1).204  Volcanic releases of 

fluorine (700 – 8,600 Gg yr-1)209, 210 significantly outweigh biomass burning and other 

characterized sources on a global scale.  Additional contributors to atmospheric fluoride 

are sea spray (20 Gg yr-1)209 and wind-blown dust (5.4 Gg yr-1) for the United States 

only;194 dust emissions from major source regions are not characterized with respect to 

fluoride, so that this flux is underestimated.  Dust and sea spray emit coarse particles (> 

PM2.5), which often deposit near the emission source, whereas combustion-related 

sources, such as biomass burning, have smaller particle diameters and longer atmospheric 

lifetimes, such that they can be transported greater distances in the atmosphere.  Thus, 

biomass burning not only contributes significantly to the atmospheric flux of fluoride; it 

also has potential to redistribute it across the biosphere. 
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The observation of F- emissions directly from biomass burning helps to explain 

prior ambient observations of F- in the environment.  Ice core studies in Greenland 

revealed six periods of F- deposition in 1908, 1912, 1914, 1947, 1970, and 1980, of which 

the five latter periods were attributed to volcanic eruptions, while the event in 1908 was 

not.179  In addition to F-, the 1908 ice core contained elevated amounts of ammonium and 

organic acids, which led these authors to identify the origin as high northern latitude 

forest fires179, 211; this result is consistent with our findings of F- emissions from conifer 

trees that are prominent in boreal forests. Kundu et al., (2010) observed the covariance of 

F-, levoglucosan (a tracer for biomass burning),160 and water-soluble potassium in PM2.5 

impacted by biomass burning in Rondonia, Brazil.212 Similarly, Lewandowska et al., 

(2013) observed a several-fold increase in F- in PM10 when an air mass impacted by 

biomass burning was transported to their study site in Gdynia, Poland.213  These prior 

observations document high temporal variation in ambient F- levels and the significant 

impact of biomass burning events.  Thus, F- can be useful as a qualitative indicator of the 

presence of biomass burning emissions, especially from fluorine-impacted biomasses 

when industrial background levels are stable.  For F- to be used as a more quantitative 

tracer of biomass burning, EFF or ratios from the biomass type burned or region would be 

required and ambient background levels of F- would need to be stable. 

 

4.5 Supporting Information 

Table S4.1: Fuel description, modified combustion efficiency (MCE), fluoride 

contribution to PM2.5 (with analytical uncertainty), fluoride emission factor and PM2.5 

emission factor (with analytical uncertainty) for individual biomass burns. 
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Figure 4.1: A schematic of the USDA’s Fire Sciences Laboratory in Missoula, Montana 
as used for stack burns. 
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Figure 4.2: SEM images and fluorine elemental maps for (a) field blank filter (b) PM2.5 
sampled filter for black spruce burn. 
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Figure 4.3: Comparison of water-soluble fluoride concentrations measured against an 
external calibration curve and by the method of standard addition. Error bars 
represent the propagated analytical uncertainty. 
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Figure 4.4: Linear regression for EFPM2.5 and EFF versus MCE for individual samples 
with Pearson’s r, color coded by biomass category. 
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Figure 4.5: Dependence of EFPM2.5 (A) and EFF (B) on modified combustion efficiency 
(MCE) for individual sample data with Pearson’s r, color coded by biomass 
category. 
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Table 4.1: Summary of fuels, location of harvest, number of burn experiments (n), frequency of fluoride detection (FODF), frequency 
of  fluoride quantitation (FOQF), mean (± standard error) fluoride and PM2.5 emission factors, and percent contribution of 
measured inorganic ions to PM2.5 mass by fuel category and type. EF and percent composition data apply only to fuels in 
which fluoride was detected.

Fuel Category and 
Type Location n FODF 

(%) 
FOQF 
(%) 

EFF                 
(mg kg-1) 

EFPM2.5              
(g kg-1) Fluoride  

(%) 
Chloride 

(%) 
Nitrate     

(%) 
Sulfate     

(%) 
Ammonium 

(%) 
Sodium     

(%) 
Potassium 

(%) 
Calcium  

(%) 

Conifers 

 

11 100 100 40 ± 13 33 ± 9 0.10 ± 0.01 
       

 
Black Spruce Alaska, USA 4 100 100 33 ± 24 27 ± 16 0.09 1.25 0.34 0.64 0.35 ND 1.22 ND 

 
Ponderosa Pine Montana, USA 7 100 100 44 ± 17 36 ± 11 0.11 0.42 0.24 0.51 0.08 ND 1.20 ND 

Agricultural residues 16b 94 75 29 ± 11 16 ± 4 0.15 ± 0.04 
       

 
Rice Straw Taiwan 3 100 100 14 ± 8 6.7 ± 1.1 0.18 10.9 0.42 11.6 7.90 12.3 3.40 ND 

  
China 3 100 100 4.8 ± 3.1 13 ± 6 0.06 32.5 0.22 1.78 8.06 ND 19.1 0.01 

  
Malaysia 1 100 100 98 ± 15c 37 ± 2c 0.28 2.70 0.13 0.43 0.85 ND 0.65 0.03 

 
Sugar Cane Louisiana, USA 2 100 100 84 ± 33 34 ± 8 0.28 1.87 0.16 0.42 0.83 ND 0.76 ND 

 
Wheat Straw Colorado, USA 3 100 67 7.5 ± 2.1 6.4 ± 1.8 0.11 5.14 0.64 ND 2.01 ND 2.07 ND 

  
Washington, USA 2 50 50 11 ± 1c 17 ± 1c 0.06 7.48 0.29 1.44 2.08 ND 3.96 ND 

Grasses and perennial plants 13d 38 31 59 ± 49 48 ± 40 0.10 ± 0.02 
       

 
African Grass South Africa 6 50 33 1.3 ± 0.4 2.3 ± 0.9 0.08 27.2 0.50 2.76 3.91 0.19 3.63 0.91 

 
Alfalfa Colorado, USA 1 100 100 51 ± 4c 42 ± 2c 0.12 2.22 ND 0.60 0.09 ND 2.90 ND 

 
Manzanita California, USA 1 100 100 28 ± 2c 21 ± 1c 0.13 1.31 0.38 2.20 0.03 ND 4.28 ND 

All samples   55e 56 49 32 ± 7 23 ± 4 0.13 ± 0.02               

a) ND = not detected, b) in addition to the 14 samples listed, fluoride was not detected in emissions from wheat straw from Maryland or millet from Ghana, c) analytical uncertainty, d) in addition to the 8 samples listed, fluoride was not detected in emissions 
from giant sawgrass, sawgrass, or wiregrass from South Carolina, hay from Colorado, or chamise from California, e) in addition to the samples listed, fluoride was also not detected in emissions from peat (n = 6), shredded tires (n = 2), or cookstoves (n = 7). 
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Table 4.2: Summary of sources of gaseous and particulate fluorine and their annual 
fluxes to the atmosphere. 

Fluoride Source Gaseous F 
Species 

Particulate F 
Species 

Estimated Annual 
Flux (Gg yr-1) 

Volcanic activities210 HF, SiF4 Volcanic ash 700 – 8,600a 

Sea spray209 NA Soluble F- 20b 

Wind-blown dust194 NA Mineral F (CaF2, 
Ca5(PO4)3F) 5.4c 

Manufacturing of bricks and tiles187 HF, SiF4 F- containing dust NA 

Aluminum smelters / reduction plants204 HF NaAlF4 7 -12d 

Glass manufacturing207 HF, SiF4, BF4 NaF, Na3AlF6 3d 

Coal burning204 HF(g) fly-ash 12 – 102d 

Steel manufacturing204 HF, SiF4 NA 0.1a 

Phosphate processing204, 208 HF(g) SiF4(g) 
Fluorapatite dust 
(Ca10(PO4)6F2) 

28d 

Biomass burning (this study)  NM Soluble F- 40 - 150 b 

NA-data not available; NM-not measured; a) estimated gaseous emission; b) particulate emission; c) United States 
only, d) total (gaseous and particulate) emission.  
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CHAPTER FIVE 

CHEMICAL CHARACTERIZATION OF FINE PARICULATE MATTER 

EMITTED BY PEAT FIRES IN CENTRAL KALIMANTAN, INDONESIA, 

DURING THE 2015 EL NIÑO3 

5.1 Abstract  

Fine particulate matter (PM2.5) was collected from authentic in-situ peat smoke 

during the 2015 El Niño peat fire episode in Central Kalimantan, Indonesia. Twenty-one 

PM samples were collected from 18 peat fire plumes that were primarily smoldering with 

MCE values of 0.725-0.833. PM emissions were determined and chemically 

characterized for elemental carbon (EC), organic carbon (OC), water-soluble OC, water-

soluble ions, metals and organic species. Fuel-based PM2.5 mass emission factors (EF) 

ranged from 6.0 - 29.6 g kg-1 with an average of 17.3±6.0 g kg-1. EC was detected only in 

15 plumes and comprises ~1% of PM mass. Together, OC (72 %), EC (1 %), water-

soluble ions (1 %) and metal oxides (0.1 %) comprised 74±11 % of gravimetrically 

measured PM mass. Assuming that the remaining mass is associated with carbon in 

forming organic matter (OM; i.e. elements O, H, N, P) an OM to OC conversion factor of 

1.26 was estimated by linear regression. Overall, chemical speciation revealed the 

following characteristics of peat burning emissions: high OC mass fractions (72 %), 

primarily water-insoluble OC (84±11 %C), low EC mass fractions (1 %), vanillic to 

syringic acid ratios of 1.9, and relatively high n-alkane contributions to OC (6.2 %C). 
                                                 
3 This chapter is in preparation to publish as Jayarathne, T.; Stockwell, C.; Gilbert, A.; Daugherty, K.; 
Cochrane, M.; Ryan, K.; Putra, E.; Saharjo, B.; Nurhayati, A.; Albar, I.; Yokelson, R.; Stone, E.; 
“Chemical Characterization of Fine Particulate Matter Emitted by Peat Fires in Central Kalimantan, 
Indonesia During the 2015 El Niño.”, Atmospheric Chemistry and Physics. 
Author Contributions 
R.Y., M.C., K.R., E.P. and B.S. designed research; E.S. and R.Y. planned the experiments; T.J. collected 
extracted and analyzed PM samples, processed data and wrote the chapter; C.S. provided MCE and EFCO 
data; A.G. analyzed organic species; K.D. analyzed WSOC; A.N. and I.A. assisted in field work. 
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The EF developed herein are used to estimate that 3.2 - 11 Tg of PM2.5 emitted to 

atmosphere during 2015 El Niño peatland fire event. Combined with gas-phase 

measurements of CO2, CO, CH4 and VOC from Stockwell et al. (2016), it is determined 

that OC and EC account for 2.1 % and 0.04 % of total carbon emissions, respectively. 

These in-situ EFs can be used to improve representation of emissions from Indonesian 

peat burning in emission inventories. 

 

5.2 Introduction 

In recent decades, peatland fires in Southeast Asia, especially the Indonesian 

provinces of Sumatra, Kalimantan, and Papua as well as Malaysian Borneo have become 

more frequent in occurrence.90, 129, 214 The 2015 El Niño-driven peatland fire episode that 

occurred September – October 2015 was more extensive than in normal years and 

reported as the next-strongest peatland fire after 1997.215-217 The 2015 fires burned over 

2.6 million hectares of tropical forests and peatlands, and released ~0.2 Pg C of carbon to 

the atmosphere.217 However, these values are well below the 1997 records of 4.6 million 

hectares of burned area and ~1.7 Pg C of carbon released to the atmosphere due to early 

monsoons and more effective fire control strategies in 2015.217-219 The direct effects of 

2015 peatland fire smoke affected neighboring Singapore, Malaysia, Thailand and 

Philippines with an estimated economic loss of >16 billion USD to their GDPs due to 

declines in productions and services during the event, and long-term impacts to human 

health and the environment.219, 220 Negative health effects due to inhalation of peat smoke 

were widely reported during this catastrophe.216 In Palangkaraya, the capital of Central 

Kalimantan PM10 levels reached up to 3741µg m-3, nearly two orders of magnitude 
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higher than the world health organization (WHO) guideline for 24 hour PM exposure,48, 

49. It has estimated that more than 40 million people suffered from continuous exposure 

to peat smoke over these two months and significant increase of premature deaths due to 

respiratory and cardiovascular diseases.216 Despite the substantial environmental, 

socioeconomic and health impacts, the peatland fire emissions are still under-studied with 

respect to their chemical and physical properties. Thus, a mobile lab was deployed during 

2015 fire episode in Palangkaraya, Central Kalimantan, in order to obtain in-situ ground 

based measurements of trace gases and aerosols directly from authentic peatland fire 

smoke. Samples were collected from 35 different peat plumes from six different sites and 

chemically speciated for ~90 gas phase species and ~70 particulate phase species. This 

paper focused only on particular phase species, and comprehensive description of gas 

phase species is given in Stockwell et al., (2016).       

Peatlands are globally distributed over ~400 Mha land area and hold ~ 550 MgC 

ha-1 of carbon per 1 m depth and can extent up to 20 m. It has been estimated a total of  

~5.4×1014 kgC carbon storage in peatlands and consider as a significant storage (44-71%) 

of terrestrial carbon pool.221, 222 Majority of the peatlands are in the cold boreal belt under 

ice or maintained as wetlands or conserved areas, thus have evaded human interventions. 

However, tropical peatlands particularly in Malaysian and Indonesian lowlands are 

frequently converted to agricultural cropping, commercial forests or pasture by draining 

the peatlands.221 During 1996-1999 Indonesian government excavated more than 4000 

km of drainage channels over 1 Mha of peatland to cultivate rice under the former Mega 

Rice Project (MRP).129 After the project was abandoned in 1999, deforested and degraded 

peatlands were covered with secondary vegetation.129 In recent decades, Indonesian 
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peatland fires have occurred more frequently, intensively and extensively. Degraded 

peatlands are at high risk of uncontrolled fire, because dry peat is highly combustible and 

secondary vegetation is more fire-prone than the original forest.129, 214, 218 Fires first occur 

in aboveground vegetation, then enter into carbon-rich soil and smolder underground 

until the peatland is flooded by next monsoon.129 The burned lands does not easily 

regenerate into its primary conditions; instead, it is converted into grasslands with patchy 

secondary vegetation that are prone to repeat fires.219   

Peat is a type of soft soil with high content of organic matter (>65%) with 

cellulose, hemicellulose, lignin, cutine, humic acid and fulvic acid being the major 

organic compound classes.167, 223, 224 Peat is predominantly made out of degraded plant 

tissues and categories to three major types, fibric, hemic and sapric based on their degree 

of decomposition. Fabric peat is the least degraded type with higher fiber content and 

sapric peat is the most degraded peat type with an amorphous structure, while hemic peat 

has intermediate properties.225 Thus, peat soils carry biomarkers indicative of floral origin 

and those could potentially use to identify peatland fire emissions. Levoglucosan, 

mannosan, syringaldehyde, vanillin, syringic acid, vanillic acid and n-alkanes are such 

biomass burning tracers suggested in previous studies by analyzing the ambient air 

impacted by peat smoke.156, 226, 227 Some organic compounds (e.g. PAHs) are highly 

enriched in peat smoke compared to raw peat biomass, showing over 100 times greater 

concentration in smoke than soil indicating they formed during combustion.144 

Prior studies of peat burning emissions involved either laboratory experiments or 

collecting ambient aerosols at receptor sites impacted by peat smoke. Many of these 

studies primarily focused on chemically characterizing gaseous emissions.21, 94, 95, 99, 100, 
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139, 141, 144, 145, 228-231 while fewer focused on the PM fraction.100, 144, 156, 226 Peat fire 

emissions were not considered in emission inventories published by Andreae and 

Merlet.84 Akagi et al. published more updated emission inventories in 2011 and have 

included peatland fires as a source of biomass burning emissions. Peat fire PM2.5 

emission factors reported in literature deviated on a large scale and ranged 5.9-79 g kg-1 

and uncertainty of black carbon (BC) and organic carbon (OC) was >50% of the EF 

value.93, 144, 145 Thus, the global estimates of peat fire PM2.5, OC and BC emissions are 

associated with large uncertainties. The likely reason for this variation is different 

laboratory conditions maintain during the experiments as emissions alter on different 

burning conditions. In addition, the dissection of peat soil during sampling; handling, 

transport and storage of peat can significantly alter its physical properties and subsequent 

combustion. Thus, in-situ sampling of peat fire emissions under natural burning 

conditions is needed to accurately represent peat fire emissions in global peat fire 

emission estimates, human exposure studies and, climate and air quality models.90, 93, 218 

The objectives of this manuscript are to characterize in-situ peat PM emissions 

from different peat burning sites in Indonesia during 2015 El Niño period, compute PM 

emission factors and develop source profiles for peat burning aerosol, and compare the 

PM emission factors from literature with our in-situ measurements. This work is 

complementary to that of Stockwell et al. (2016) on the peat burning emissions of more 

than 90 gaseous species, brown carbon (BrC), and black carbon (BC), and mass 

absorption coefficients for the bulk OC due to BrC. Combined together, EFs for more 

than 150 gaseous and particulate species were determined and allow us to evaluate the 
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magnitude particulate carbon relative to gaseous carbon emitted, and estimate total 

particulate emissions from the 2015 El Niño peat fires. 

5.3 Experimental Details 

5.3.1 Site Description 

A comprehensive description of sampling sites is given in Stockwell et al., 

(2016). In brief, PM2.5 samples were collected from 18 separate plumes from 6 different 

peatland areas in Central Kalimantan, Indonesia from 1-7 November during 2015 El 

Niño. The sites were carefully selected to represent different peat types (fibric, hemic, or 

sapric) and cover a range of burning depths ranging from 18 – 62 cm, averaging 

(±standard deviation) 34±12 cm. The sampled sites were located where the maximum fire 

activity is typically reported, in moderately to heavily disturbed areas by road or canal 

building and/or previous fires. The aboveground vegetation was nonexistent or limited to 

ferns or patchy secondary vegetation and were not burning in most cases. The samples 

were directly collected from visible plumes and sampling was immediately stopped in the 

occasional events of flaming combustion of aboveground vegetation in the vicinity in 

order to sample pure emissions from the smoldering peat.  

Each plume was identified by an English letter (E-Z to AA) and complete 

description of the plumes including peat type, burning depth and surface fuel is given in 

Table S1 Stockwell et al. (2016). Duplicate samples were collected from plumes E, F and 

W, and number of PM samples increased to 21. However, plume Y showed a different 

emission profile likely due to co-burning of foliage litter as these were sampled from 

shallow peat burning sites. Thus, plume Y was excluded from average calculations but 

individual values are reported in Table S5.1 and corresponding figures. 



105 
 

 

5.3.2 Sample Collection 

A comprehensive description of sample collection is given in Stockwell et al., 

(2016). In brief, PM2.5 was collected using a custom-built, two-channel PM sampler. The 

inlet was positioned at a point where the plume of smoke cooled to ambient temperature, 

to allow for gas-particle partitioning to equilibrate prior to sample collection. The sample 

inlet was not fixed to a point and always followed the plume path in occasions of change 

in plume directions due to wind. The PM was collected on pre-cleaned 47 mm quartz 

fiber filters (QFF) and pre-weighed Teflon filters (PALL, Life Sciences, Port 

Washington, NY) preceded by two 2.5 µm sharp-cut cyclones (URG).  The filtered air 

was then passed to the land-based Fourier transform infrared (LA-FTIR) spectrometer 

multipass cell for the measurement of gas phase species as described by Stockwell et al. 

(2016). Sampled filters were stored in dark and frozen (-20 °C) and were shipped frozen 

to the University of Iowa for chemical analysis. 

Field blanks were collected for every fifth sample. For some samples a second 

(backup) QFF filter was placed in series behind the first (front) QFF filter in order to 

assess the positive sampling artifacts from carbonaceous gas adsorption. Filter samples 

were collected from upwind of the plumes for ~20 minutes (similar to smoke sampling 

duration) in order to account for background PM2.5.  

 

5.3.3 PM2.5 Mass, Elemental Carbon and Organic Carbon Measurement 

A comprehensive description of PM mass, elemental carbon (EC) and organic 

carbon (OC) measurement is given in Stockwell et al., (2016). In brief, PM mass was 
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calculated as the difference of pre-and post-sampling filter weights of Teflon filters after 

conditioned for 48 hours in a desiccator. The relative error in the PM mass measurements 

was propagated from the standard deviation of the triplicate measurements of pre-and 

post-sampling filter weights, the standard deviation of background PM masses, and 10 % 

of the PM mass concentration, which is a conservative estimate of the analytical 

uncertainty associated with the mass measurement. Ambient background PM2.5 

concentrations were very similar across all the sites and on average the ambient PM2.5 

contributed only 0.60 % of the sampled PM2.5 mass, indicating that ambient PM 

contribution is very small compared to PM concentration in the peat smoke. 

Nevertheless, the average background concentration was subtracted from the sample 

concentrations in order to obtain emissions only from pure peat fire emissions. 

EC and OC were measured by thermal optical analysis following the NIOSH 

5040 method using 1.00 cm2 punches of quartz fiber filters (Sunset Laboratories, Forest 

Grove, OR) 110. The uncertainty in OC measurements was propagated from the standard 

deviation of the background filters, the standard deviation of the back-up filters, and 10 

% of the OC concentration, a conservative estimate of the method precision in replicate 

measurements 110. The uncertainty of EC measurements was propagated from the 

instrumental uncertainty (0.05 µg cm-2), 5 % of the measured EC, and 5 % of pyrolyzed 

carbon, which refers to organic carbon that charred during analysis. 

 

5.3.4 Water-soluble Organic Carbon 

A 1.053 cm2 sub-sample of QFF filter was analyzed for water soluble organic 

carbon (WSOC) using a total organic carbon analyzer (GE, Sievers 5310 C). WSOC was 
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extracted into 15.0 mL of >18.2 MΩ resistivity ultra-pure water (Thermo, Barnstead 

Easypure II) using acid washed (10% nitric acid) and pre-baked (550 °C for 5.5 hours) 

glassware. Inorganic carbon was removed with an inorganic carbon remover (GE, Sievers 

ICR). WSOC was measured in triplicates and quantified using a standard calibration 

curves prepared from potassium hydrogen phthalate (Ultra Scientific). The WSOC 

concentration in the sampled plumes was calculated using the extraction volume, total 

filter area and sampled air volume. The uncertainty of the WSOC measurement was 

propagated using the standard deviation of the triplicate measurements, standard 

deviation of the background filters and 10 % of the WSOC concentration. The fraction of 

water insoluble organic carbon (WIOC) was calculated by subtracting the WSOC 

concentration from total OC concentration. The error of WIOC concentration was 

propagated from individual uncertainties of OC and WSOC.      

 

5.3.5 Water-soluble Inorganic Ions 

Water-soluble inorganic ions were quantified in aqueous extracts of Teflon filters 

by ion exchange chromatography coupled with conductivity detection as described in 

detail elsewhere.140 In brief, half of the Teflon filter was uniformly wet with 50 µL of 

isopropyl alcohol and subsequently extracted into 15.0 mL ultra-pure water (>18.2 MΩ 

resistivity) by shaking 12 hours at 125 rpm. For cation analysis, a Dionex IonPac CS12A 

column was used with the mobile phase of 20 mM methane sulfonic acid at 0.5 mL min-1 

flow rate. Dionex IonPac AS22 anion column with the mobile phase of 4.5 mM sodium 

carbonate (Na2CO3) and 1.4 mM sodium bicarbonate (NaHCO3) at a flow rate of 1.2 mL 

min-1 was used for anion separation.  A conductivity detector (Thermo) was used for 
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detection and was preceded by a self-regenerating suppressor, CERS-500 and AERS-500 

for cations and anions, respectively. 

 

5.3.6 Total Metals 

Teflon filters were cut in half using ceramic blades and then digested in mixture 

of 2:1 concentrated nitric and hydrochloric acid (TraceMetal Grade, Fisher Chemical) 

using a MARS 6 microwave assisted digestion system (CEM Corporation, Matthews, 

NC) at 200 °C for 13 minutes following US EPA Method 3052.121 Extracts were filtered 

(0.45 µm PTFE) and analyzed for metals using a Thermo X-Series II quadrupole ICP-MS 

instrument (Thermo Fisher Scientific Inc., Waltham, MA, USA).122 The instrument was 

calibrated against IV-ICPMS-71A ICP-MS standard (Inorganic Ventures) at 

concentrations ranging from 0.1 - 50 ppb. The metal concentration in the extract is 

converted to metal oxide concentration in the sampled plumes (µg m-3) using extraction 

volume, total filter area, sampled air volume, metal to metal oxide ratio and natural metal 

isotope abundance.232 The uncertainty of the measurement was propagated using the 

standard deviation of the background filters and 10% of the metal concentration.  

      

5.3.7 Organic Species 

Organic species were quantified in organic extracts of QFF by gas 

chromatography mass spectrometry (GC-MS) as described in detail elsewhere.123 In brief, 

quartz fiber filters were sub-sampled to obtain ~200 µg C prior to organic species 

characterization. These sub-samples were spiked with deuterated internal standards which 

were used in quantification: pyrene-D10, benz(a)anthracene-D12, cholestane-D4, 
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pentadecane-D32, eicosane-D42, tetracosane-D50, triacontane-D62, dotriacontane-D66, 

hexatriacontane-D74 , levoglucosan-13C6 and cholesterol-D6. Each sub-sample was then 

stepwise extracted in 2×20 mL aliquots of hexane followed by 2×20 mL aliquots of 

acetone by ultra-sonication (60 sonics min-1, 5510-Branson) for 15 minutes. The solvent 

extracts were subsequently concentrated to a final volume of ~100 µL using Turbovap 

(Caliper Life Sciences, Turbo Vap LV Evaporator) and minivap (Thermo Scientific, 

Reacti-VapTM Evaporator) upon high-purity nitrogen (PRAXAIR Inc.). These extracted 

samples were stored at -20 °C until the chemical analysis.  

Organic species in filter extracts were quantified using gas chromatography 

coupled to mass spectrometry (Agilent Technologies GC-MS 7890A) equipped with an 

Agilent DB-5 column (30 m × 0.25 mm × 0.25 µm) with electron ionization (EI) source 

using a temperature range from 60 to 300 °C. Helium was utilized as the carrier gas, and 

the 3 µL aliquots of the extracts were injected in splitless mode. More oxygenated polar 

compounds were analyzed following trimethylsilyl (TMS) derivatization.124 Briefly, 10 

µL of the extract was blown down to complete dryness and reconstituted in 10 µL of 

pyridine (Burdick & Jackson, Anhydrous). A 20 µL of the silylation agent N,O-bis-

(trimethylsilyl)trifluoroacetamide (Fluka Analytical, 99%) was added to the mixture, and 

was heated for 3 hours at 70 °C to complete the silylation reaction. The silylated samples 

were immediately analyzed for polar compounds.  

Responses of analytes were normalized to the corresponding isotopically-labeled 

internal standard and five-point linear calibration curves (with correlation coefficients, R2 

≥ 0.995) were utilized for the quantification of organic species. Compounds that were not 

in the standards were measured by assessing the response curve from the compound that 



110 
 

is most analogous in structure and retention time. The analyte concentration in the extract 

was converted to ambient concentrations (µg m-3) using extraction volume, the total filter 

area and sampled air volume. The analytical uncertainties for the measured species were 

propagated from the standard deviation of the background filters and 20% of the 

measured concentration, which is a conservative estimate of the analytical uncertainty 

associated with the instrumental reproducibility. 

 

5.3.8 Emission Factor Calculation 

The mixing ratios of CO2, CO, CH4 and ~90 other gases were quantified by a 

field-deployed open-path Fourier transform infrared (OP-FTIR) spectrometer combined 

with whole air sampling (WAS) and gas chromatography.49  The carbon mass balance 

approach was used to determine fuel-based emission factors (EF) for gases, in units of 

mass of analyte per kilogram of fuel burned (g kg-1).49 Carbon monoxide was used as the 

reference species to calculate the EF of particulate species. In this purpose, carbon 

monoxide mass drawn through the filter (MCO) that was measured in series by FTIR, the 

mass of the analyte (MX) and emission factor of carbon monoxide (EFCO) was used to 

calculate the emission factors of the desired analyte (EFX) (e.g. PM mass, EC, OC, etc.) 

using equation 5.1.  

CO
CO

X
X EF

M
MEF ×=  (5.1) 

Uncertainty in EFX was propagated from the relative uncertainty of EFCO, conservatively 

estimated as 5 % of the value and the analytical uncertainty of the considered analyte. 
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5.3.9 Modified Combustion Efficiency 

The Modified combustion efficiency (MCE) was calculated as 𝑀𝑀𝑀𝑀𝑀𝑀 =

 ∆𝐶𝐶𝐶𝐶2 (∆𝐶𝐶𝐶𝐶 +  ∆𝐶𝐶𝐶𝐶2)⁄  and was used as an indicator of flaming combustion (MCE > 0.9) 

and smoldering combustion (~0.75-0.84).137 Notably, the filter-integrated MCE values 

reported herein correspond to the duration of filter sample collection and could differ 

slightly from those reported by Stockwell et al. (2016) that included grab samples. 

 

5.4 Results and Discussion 

5.4.1 Emission of PM2.5 

PM2.5 mass EFs for in-situ Indonesian peat burning ranged 6.04 – 29.6 g kg-1 for 

20 sampled plumes, averaging 17.3 g kg-1 (Figure 5.1). The relative standard deviation 

(RSD) of the replicate measurements of EF PM2.5 in this study was ±6.0 g kg-1 or 35 %, 

indicating the reproducibility of the PM2.5 EFs across samples while RSDs reported in 

literature varied 45-114 %.144, 145, 229 Literature reported values for peat PM2.5 emission 

factors by previous laboratory studies are given in Table 5.1. The average EFs reported 

by Black et al.144 (7.1±5.6 g kg-1 and 5.9±6.7 g kg-1) are in the lower range of EFs 

observed in this study, perhaps due to oven drying the samples before combustion. As 

evident by the relatively higher MCE values observed by Black et al., (0.80 – 0.88) 

compared to this study (0.73 – 0.83), it is presumed to have lower PM2.5 EFs as higher 

MCEs correlate with lower PM emissions.140, 233 However, our average EF value is lower 

than the EF values reported by other laboratory studies, 46±21 g kg-1 by Geron and 

Hays;145 33-44 g kg-1 (for PM10) by Iinuma et al.;100 42 g kg-1 by Chen et al.;99 35 g kg-1 

by May et al.141 and 30±20 g kg-1 by McMahon et al.229 In general, the previously 



112 
 

reported, higher PM2.5 emission factors for peat burning corresponded to higher carbon 

and moisture content, and for the plumes sampled from initial stages of a fire.144, 145, 229 

Thus, these higher PM2.5 EFs could be due to higher organic content in peat soil, higher 

soil moisture content and sampling from early stage of fires. Further, alterations to the 

bulk density by sampling, transporting and handling of peat soils; differences associated 

with igniting the peat sample (e.g. heated coil vs propane touch) and sustainability of fire 

during the time of sample collection could also affect the EF PM2.5. In contrast, the EFs 

computed during this study correspond to natural conditions of peat (e.g. moisture 

content, bulk density) and were not handled, transported or processed disturbing the peat 

soil micro-properties, and directly sampled from sustained peat fires with different 

maturities. 

 

5.4.2 Chemical Composition of PM2.5 

OC accounted for the major fraction of PM mass (72±12 %) while EC was 

detected only in 15 plumes and on average comprised ~1 % of PM mass. Water-soluble 

ions and metal oxides also comprised to a minor fraction of PM mass and accounted ~1 

% and ~0.1 %, respectively (Table 5.2). 

 

5.4.3 Emission of OC and EC  

OC EFs were ranged 1.76 – 26.9 g kg-1, averaging at 12.4±5.4 g kg-1 (Figure 5.1). 

The observed OC mass fraction of PM (72±12 %) is in a good agreement with literature 

reported values 73-89 % by Black et al.144 and 94% by Chen et al.99 for laboratory peat 

studies of PM2.5.  
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On average, only a minor fraction of OC was water soluble (16±11 %) and the 

majority (84±11 %) was water insoluble (Table 5.2), indicating that the majority of OC is 

composed of hydrophobic hydrocarbon-like organic compounds. Fresh peat burning 

emissions, thus contain a substantial fraction of water-insoluble species that decrease 

aerosol hygroscopicity and CCN activity.234 However, unsaturated hydrocarbons (e.g. 

alkenes) can be gradually oxidized by ozone to alkanoic acids, which in turn increase the 

hygroscopicity and CCN activity of the aged peat smoke at receptor sites.234-236 

The EFEC ranged 0.09 – 0.44 g kg-1, averaging at 0.24±0.10 g kg-1 (Table 5.2). 

The lower EC values are consistent with purely smoldering MCE values of 0.725 - 0.833 

as discussed by Stockwell et al. (2016). However, optically measured EFBC by PAX 

(0.006±0.002 g kg-1) is noticeably lower than that of filter based EFEC likely due to 

sampling of char particles by filters.49 However, both EC and BC EFs are very small 

compared to EFOC. The OC:EC ratio in our study ranged 27-129, averaging at 67±26. 

This is in the upper end of the range of OC:EC ratio: 1.3-78 reported for biomass burning 

aerosol.93, 100, 142, 233 However, average OC:EC ratio from this study is substantially higher 

than the ratios reported for peat fires, 31 by Akagi et al., 93 13-14 by Iinuma et al.100 and 

lower than the ratios 151 by Christian et al.,21 87-115 by Black et al.144. The PAX results 

showed that light absorption at 405 nm wave length is ~50 times greater than at 870 nm, 

which the latter wavelength (870 nm) is indicative of BC. Thus, the light absorption by 

peat smoke is largely due to BrC and indicated high BrC:BC ratio (52) that is similar of 

OC:EC.49 The bright yellow color of the PM collected filters (Figure 5.2) is also an 

indication of the relatively high OC:EC ratio in which blackish filters are characteristic 

for higher EC emissions.  
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The sum of OC, EC, water-soluble ion and metal oxide masses comprises 74±11 

% of gravimetrically measured PM mass. The remaining mass is expected to be primarily 

from elements associated with carbon in forming organic matter (e.g. O, H, N, P). Thus, 

it was estimated that remaining mass together with OC mass is from organic matter 

(OM). A linear regression analysis was performed between estimated OM mass and 

measured OC mass and a strong correlation (R2 = 0.93) was observed between these two 

variables indicating their dependent co-variance (Figure 5.3). The slope of the regression 

line gives the best fit of the co-variance and 1.26±0.04 was estimated as the conversion 

factor of OC to OM for fresh peat burning aerosols. This OC to OM factor is in the range 

of values typically observed for gasoline combustion (1.1-1.3)237, 238 and below those 

used for biomass burning (1.4-1.8).26 

 

5.4.4 MCE 

The calculated MCEs were indicative of smoldering combustions with values 

ranging 0.725-0.833 (average = 0.78±0.04).137 Burn depth and MCE were negatively 

correlated (r = -0.738; p = 0.001; Figure 5.4) consistent with higher emission of CO(g) 

relative to CO2(g) for deep peat combustions, probably due to less oxygen supply. Neither 

MCE nor burn depth were correlated with PM mass, EC or OC emission factors (p > 

0.23). Thus, did not affect PM emissions.       

 

5.4.5 Organic Species 

A subset of samples, representing at least 1 sample per sample collection site was 

analyzed for anhydrosugars, lignin decomposition compounds, alkanes, hopanes, PAHs 



115 
 

and sterols. On average, the quantified organic compounds accounted ~9 % of the total 

OC mass on carbon basis with major contribution from alkanes (6.2 %), followed by 

anhydrosugars (2.1 %), lignin decomposition products (0.36 %), hopanes (0.12 %), 

sterols (0.06 %) and PAHs (0.03%) (Figure 5.5). However, plume Y that was obtained 

from shallow peat burning sites and pant roots were observed in the burn pit had a 

different emission profile with a larger contribution from anhydrosugars (16 %) 

compared to lignin decomposition products (2.8 %) and alkanes (1.6 %). Because of the 

likelihood of co-burning of foliage litter and plant roots as evident by higher emissions of 

anhydrosugar and lignin decomposition products relative to other PM samples, plume Y 

was excluded from average calculations in order to compute more representative EFs for 

peat burning.  

 

Alkanes: 

The homologous series of n-alkanes with carbon numbers in the range of C14 to 

C40 along with norpristane, pristane, phytane and squalene were quantified in PM 

samples. The total n-alkane emissions ranged 456-3834 mg kg-1
 (Table S5.1). The OC 

mass fraction of n-alkane was substantially higher than the values reported for other types 

of biomass burning aerosol in which n-alkane OC mass fraction is typically <1 %.100, 142 

The high n-alkane OC mass fraction is likely due to the higher lipid content by 

accumulating plant waxes (e.g. cutin, suberin) in peat soil over the time of decomposition 

compared to other biomass fuels.142, 148, 149  

Peat emissions consistently showed a C31 carbon maximum (Cmax) (Table S5.1). 

Higher n-alkane EFs were observed for C20-33 relative to C14-19 and C34-40 and had an odd 



116 
 

carbon preference (Figure 5.6) which is indicative of biogenic material, particularly plant 

waxes.154, 157, 159, 239 Similarly, Abas et al.240 and Fujii et al.130, 226 reported maximum 

concentrations of C20-33 n-alkanes in ambient PM influenced by peatland fire emissions. 

The carbon preference index (CPI) was calculated using concentrations of C24-32 n-

alkanes using the method described by Fujii et al.227 and ranged 1.22-1.60, averaging 

1.42±0.10. Peat burning emissions’ CPI is distinct from values reported for foliage, 

softwood and hardwood combustion emissions (1.6-6.2).142, 241 Comparable CPI values, 

1.5 for Indonesian peat, 1.8 for German peat,100 1.4 and 1.5 for North Carolina peat231 has 

reported previously for laboratory peat combustion studies. Thus, CPI values ranging 1.2-

1.6 along with higher n-alkane mass fraction of OC are characteristic features of peat fire 

emissions. 

 

Anhydrosugars: 

Anhydrosugar EF ranged 157-2041 mg kg-1 and contributed 48±41 mg gOC-1 of 

OC mass. The dominant anhydrosugar was levoglucosan (46±40 mg gOC-1), followed by 

mannosan (0.93±0.76 mg gOC-1) and galactosan (0.14±1.13 mg gOC-1) (Figure 5.7, 

Table 5.2). Levoglucosan was the largest contributor to the identified organic mass for 

any individual compound (Table S5.1). However, a significant correlation was not 

observed (p = 0.4) between OC and levoglucosan EFs as observed for grass, softwood 

and hardwood combustion emissions.242 This is likely due to diverse cellulose content in 

different peat soils.242 Potassium has been used as an indicator of biomass burning, both 

on its own and in concert with Levoglucosan.152, 242-244 From peat burning, extremely low 
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potassium emissions were observed, at concentrations too low for it to be a useful 

indicator species.  

The relative ratios of levoglucosan, mannosan and galactosan may be used to 

distinguish between biomass combustion emissions.245 Fujii et al.227 reported 

levoglucosan:mannosan ratio to be 14-22 for the ambient aerosols that were impacted by 

Indonesian peat fires. In this study, a moderate correlation (R2=0.54) was observed 

between levoglucosan and mannosan and based on the slope of the regression line 

levoglucosan:mannosan ratio was estimated as 31 (Figure 5.8a). However, the regression 

statistics were biased by the EFs of plume W-2, and R2 value decreased down to 0.11 

upon excluding that data point (Figure 5.8b) indicating a no-correlation. This is likely due 

to variable content of cellulose and hemicellulose in different peat soils.242 Therefore, a 

representative value for levoglucosan:mannosan ratio could not be determined.                 

 

Lignin decomposition compounds: 

Syringaldehyde (S), vanillin (V), syringic acid (SA) and vanillic acid (VA) 

derived from lignin pyrolysis was quantified as lignin decomposition products. EF of this 

compound class ranged 15-154 mg kg-1 with an average EF of 80±50 mg kg-1 (Figure 5.9, 

Table S5.1). VA to SA ratio has been suggested as an indicator for peat fire emissions 

previously in which ambient aerosols affected by Indonesian peat fires showed VA:SA 

ratio of 1.7±0.36 while the unaffected aerosols had a ratio of 0.59±0.27.227 We also 

observed a good correlation (R2=0.65; p=0.004) between VA and SA emission factors. 

Based on linear regression analysis, 1.9±0.2 was determined as the ratio of VA:SA for 

freshly emitted peat smoke (Figure 5.10). Because of its consistency, VA:SA ratio is 
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recommended as an indicator of peat smoke. Correlations among aldehydes (V and S) 

were not significant, possibly due to V partitioning to the gas phase, as indicated by its 

detection on backup filters while others species (S, VA and SA) were detected only on 

front filters.  

 

PAHs, Hopanes and sterols: 

PAH emission factors were ranged 1.7-17 mg kg-1 and were consistent with 

previously reported EF values, 6-25 mg kg-1 for laboratory peat burning studies.100, 144 

PAH composition was dominated by pyrene, chrysene, methylfluoranthene, fluoranthene 

and retene that accounted for ~56 % of the measured PAH emissions (Table 5.2). Several 

biomass burning studies have reported retene, a biomarker of softwood combustion as the 

most abundant PAH in wood smoke,142, 239, 246 whereas it contributed only 8 % of the total 

PAH in this study. Benz(a)anthracene, benzo(a)pyrene, benzo(b)fluoranthene, 

benzo(k)fluoranthene, chrysene and dibenz(a,h)anthracen, the PAHs that were categories 

as probable human carcinogens by US Environmental Protection Agency247 were 

detected in peat burning aerosols and together these PAHs accounted for 39 % of total 

quantified PAH emission. The toxic equivalency factor was estimated for quantified 

PAHs to estimate the overall human health hazard level.248 The estimated B[a]P 

equivalent toxicity value ranged 0.05-0.39 B[a]P eqs, mg kg-1, averaging at 0.13±0.10 

B[a]P eqs, mg kg-1 and comparable to previously reported toxicity values for peat smoke, 

0.12-0.16 by Black et al.144 The total PAH concentration in undiluted peat smoke ranged 

0.3-18 µg m-3 and was similar to PAH concentrations reported for exhaust smoke of 
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coke-oven (25 µg m-3), aluminum smelting (15 µg m-3), diesel engines (5 µg m-3) and 

gasoline engines (3 µg m-3).53, 54  

To the best of our knowledge hopanes have not being previously quantified in 

peat fire emissions. 17α(H)-22,29,30-trisnorhopane, 17β(H)-21α (H)-30-norhopane and 

17α(H)-21β(H)-hopane was identified using authentic standards and quantified in pure 

peat smoke for the first time. The total EF for hopanes ranged 11-37 mg kg-1, averaging 

at 17±8 mg kg-1 (Table S5.1). Terpenoid and hopanoid hydrocarbon compounds that have 

the hopane-skeleton are ubiquitous in peat soil.162-167 Thus, presence of hopanes in peat 

smoke is not unexpected. Norhopane had the highest OC mass fraction followed by 

trisnorhopane and hopane (Table 5.2). A fairly consistent ratio of 0.25:0.60:0.15 was 

observed among trisnorhopane, norhopane and hopane irrespective of the sampling site 

and burning depth indicating the formation of hopanes are independent of burning 

conditions (Figure 5.11). The observed hopanes ratio is clearly distinct from that of diesel 

(0.04:48:48)238 and noncatalyst gasoline (0.10:0.42:0.48)237 engine emissions. However, 

it is comparable to the hopane ratio of lignite (0.23:0.66:0.11) and sub-bituminous 

(0.29:0.49:0.22) coal smoke.249 It indicates similarities of terpenoid and hopanoid 

hydrocarbon in peat soil and coal deposits as those are younger in geological timescale 

than crude oil.  

Stigmasterol, β-sitosterol and campesterol were detected in peat smoke and 

accounted 0.14-1.7 mg gOC-1 of OC mass fraction (Table S5.1). Sterols have been 

identified in peat soils with a major contribution from β-sitosterol.165, 166 Similarly, β-

sitosterol is the predominant sterol in PM (Table 5.2) indicating the emission of soil 

constituents to atmosphere as PM during smoldering.                
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5.4.6 Water-soluble Inorganic Ions 

 Water-soluble ions accounted only 1.1 % of the PM mass and total quantified ion 

EF ranged 45 – 490 mg kg-1, averaging 201±144 mg kg-1. Ammonium and chloride were 

detected in all the samples with average EFs of 92±61 mg kg-1 and 75±52 mg kg-1, 

respectively. Frequency of detection (FOD) for sulfate, nitrate and fluoride was 83 %, 61 

% and 56 % and EFs were ranged 2-133 mg kg-1, 0.2-6.8 mg kg-1 and 0.4-45.9 mg kg-1, 

respectively. PM mass fractions of ammonium vs sulfate (r = 0.95, p<0.001) and 

ammonium vs chloride (r = 0.89, p<0.001) was strongly correlated indicating inorganic 

fraction of peat PM is dominated by (NH4)2SO4 and NH4Cl. The EFs of gaseous NH3, 

NO and HONO were 31 times, 105 times and 71 times higher than that of NH4
+ and NO3

-

, respectively indicating a dominance of gas phase species.49 Atmospheric oxidation of 

these gases could increase the concentration of nitrate and ammonium ions,7, 8 and as a 

result the concentration of these secondary inorganic products could be further increased 

in aged peat smoke at receptor sites. 

 

5.4.7 Metals 

Metal oxides accounted only 0.1 % of the PM mass and total quantified metal EF 

ranged 7 – 24 µg kg-1, averaging at 13±5 µg kg-1 (Table 5.2, Table S5.1). Metal fraction 

was dominated by Al, Ti, V, Mn, Ni, Sr and Ba which are commonly found in peat 

soil.224 The lower EFs of metal indicate the minimum influence of re-suspended soil dust 

to PM. Further, peat combustion was occurring under very low temperatures at complete 

smoldering conditions at which metal elemental transfer is not feasible to aerosol 

phase.250     



121 
 

5.5 Emission Estimates from 2015 Indonesian Peat Fires  

The emissions from Indonesian peat fires during 2015 El Niño was estimated 

using mean EFs calculated in this study for an estimated burned area of 8.5 × 105 ha251 to 

an average burning depth of 34±12 cm calculated during this study,49 and peat bulk 

density 0.120±0.005 g cm-3.252 The uncertainty of the estimated value is propagated using 

standard deviation of the mean EFs, burn depth and peat bulk density. The total PM2.5 

released to the atmosphere from this fire event was estimated to be 3.2 - 11 Tg, averaging 

6.0±5.5 Tg with major contribution from OC (4.3 Tg) followed by EC (0.08 Tg) and 

water-soluble ions (0.07 Tg) (Table 5.3). Combined our OC and EC emission factors with 

gas-phase EFs of CO2, CO, CH4 and other carbon containing gases from Stockwell et al. 

(2016), it is estimated a total carbon emission of 205±77 TgC to the atmosphere, of 

which 73 % as CO2 (149±71 TgC), 21 % as CO (44±30 TgC), 2.7 % as other carbon 

containing gases (5.5±1.3 TgC), 1.2 % as CH4 (2.5±2.6 TgC), 2.1 % as OC (4.3±4.3 

TgC) and 0.04 % as EC (0.083±0.081 TgC). Our carbon emission estimates are in a good 

agreement with Huijnen et al.217 that estimated total C emission of 227±67 TgC for this 

fire event. However, this is ~8 times lower than the carbon emission estimated for 1997 

Indonesian peat fires (810-2570 TgC) which burned total area of 4.6 ×106 ha to a depth of 

50 cm.218   

 

5.6 Conclusion 

PM2.5 was collected from authentic in-situ peat smoke during the 2015 El Niño 

peat fire episode in Central Kalimantan, Indonesia and was chemically characterized for 

PM mass, EC, OC, water-soluble ions, metals and organic species. Fuel based EFPM2.5 
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ranged 6.0 - 29.6 g kg-1 and it was estimated 3.2 - 11 Tg of PM2.5 released to the 

atmosphere during 2015 El Niño peat fire episode. OC accounted for the major fraction 

of PM mass while EC, water-soluble ions and metal oxides comprised only a minor 

fraction of PM mass. Combined our OC and EC emission factors with gas-phase EFs of 

CO2, CO, CH4 and other carbon containing gases from Stockwell et al. (2016), it is 

estimated a total carbon emission of 205±77 TgC to the atmosphere. It was determined 

that OC and EC comprise to 2.1 % and 0.04 % of total carbon emissions, respectively. 

Overall, chemical speciation of OC revealed the following characteristics of peat burning 

emissions: high OC mass fractions (72 %), primarily water-insoluble OC (84±11 %C), 

low EC mass fractions (1 %), vanillic to syringic acid ratios of 1.9, and relatively high n-

alkane contributions to OC (6.2 %C) which could use as indicators of peat fire PM. This 

chemical profile could use in source apportionment molding to identify contribution from 

peat smoke when ambient aerosol at a receptor site is impacted by peatland fire 

emissions. High concentration of PAHs was detected in peat smoke. Thus, people who 

live near Indonesian peat burning sites were facing a significant health risk due to 

continuous inhalation of undiluted peat smoke over the entire fire episode.53, 253 To the 

best of our knowledge a comprehensive study on human exposure of peat fire PM has not 

being conducted. Thus, calculated PAH toxicity factors could use for human exposure 

studies and health assessments. 

The quantitative emission factors developed in this study is more representative to 

natural peat burning conditions and may be used to update regional/global emission 

inventories which are currently based on EFs computed from laboratory studies. The 

most recent emission inventory compiled by Akagi et al. (2011) does not report an EF 
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value for PM2.5 for peatland fire emissions. Further, the EFOC reported in Akagi et al. 

(2011) is 50 % lower than the average EFOC, and EFBC is ~30 times higher than the 

average EFBC observed in this study. Thus, using our EFs in atmospheric and climate 

models can compute more representative emission estimates for peatland fires. Further, 

more studies should be carried out in downwind to evaluate the effects of atmospheric 

dilution and atmospheric photochemical reactions to the chemical composition of peat 

fire PM. 

 

5.7 Supporting Information 

Table S5.1: Emission factors of PM2.5 mass, OC, EC, water-soluble ions, metals 

and organic species in individual samples.  
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Figure 5.1: Emission factors of PM2.5 mass, EC, OC, water-soluble ions and metal 
oxides. Error bars represent propagated analytical uncertainty.  
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Figure 5.2: Picture of PM collected filters. 
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Figure 5.3: Linear regression of the measured organic carbon concentration with the 
unmeasured PM2.5 mass, which is an approximation of organic matter if 
other major species are quantified. Error bars represent propagated 
analytical uncertainty.  
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Figure 5.4: The relationship between the burn depth and MCE. 
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Figure 5.5: Organic carbon mass fraction of the speciated compound classes in select 
peat burning emission samples.  
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Figure 5.6: Molecular distribution of n-alkanes. The horizontal lines (black) in the box 
represent the 25th, 50th and 75th percentiles and mean values are indicated by 
the blue lines.   
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Figure 5.7: Organic carbon mass fractions of select anhydrosugars. On average, the 
galactosan mass fraction was 0.14 mg gOC-1 (maximum = 0.77 mg gOC-1); 
due to its low concentrations, it was not included in the plot. 
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Figure 5.8: a) The emission ratio of levoglucosan and mannosan for all the plumes and 
b) the emission ratio of levoglucosan and mannosan for other plumes 
excluding plume W-2.   
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Figure 5.9: Organic carbon mass fraction of lignin decomposition products. 
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Figure 5.10: Emission ratios of vanillic acid to syringic acid. Error bars represent 
propagated analytical uncertainty. 
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Figure 5.11: Organic carbon mass fraction of hopanes. 
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Table 5.1: Comparison of in-situ peat emission data computed during this study with 
previous laboratory measurements.   

Location of peat 
collection 

No. of 
samples 

EF PM2.5 mass 
(g kg-1) 

% Contribution to 
PM2.5  mass WSOC % 

of OC Reference 

OC EC 

Indonesian peat 21 17 72 1.2 16 This study 

German peat 1 44a 29 2.2 52 Iinuma et al.100 

Indonesian peat 1 33a 24 1.7 39 Iinuma et al.100 

N Carolina peat - 7.1 89 0.73 - Black et al.144 

N Carolina peat - 5.9 73 1.4 - Black et al.144 

Alaskan Tundra core - 42b 94 2.6 - Chen et al.99 

Florida sawgrass peat 6 30 - - - McMahon et al.229 

Indonesian peat 1 6.1c - - - Christian et al.21 

N Carolina peat 17 46 - - - Geron and Hays145 

Indonesian peat - 35d - - - May et al.141 

a-PM10; b-TSP; c-only sum of OC and EC; d-PM1 
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Table 5.2: Average emission factors for PM2.5, EC, OC, water-soluble ions, metals (as 
mass fraction of PM2.5), and organic species normalized to organic carbon 
mass. Individual EF data is given in Table S5.1. 

Species Study 
Average 

Standard 
Deviation 

EF PM2.5 mass (g kg-1) 17.3 6.0 
EC (as mass fraction of PM2.5; g gPM2.5

-1) 0.0120 0.0038 
OC (as mass fraction of PM2.5; g gPM2.5

-1) 0.70 0.15 

 
Water-soluble OC fraction 0.16 0.11 

 
Water-insoluble OC fraction 0.84 0.11 

Water-soluble ions (as mass fraction of PM2.5; mg gPM2.5
-1) 

 
Sodium 0.054 0.065 

 
Ammonium 5.1 3.0 

 
Potassium 0.26 0.43 

 
Fluoride 0.66 0.63 

 
Chloride 4.2 2.4 

 
Nitrate 0.16 0.13 

 
Sulfate 1.41 1.42 

Metals (as mass fraction of PM2.5; µg gPM2.5
-1) 

 
Al 0.113 0.059 

 
Ti 0.083 0.056 

 
V 0.048 0.021 

 
Mn 0.058 0.031 

 
Ni 0.019 0.011 

 
Sr 0.059 0.030 

 
Ba 0.40 0.19 

Organic species (as mass fraction of organic carbon; mg gOC-1)  
PAHs 

  
 

Anthracene 0.0062 0.0036 

 
Fluoranthene 0.036 0.017 

 
Pyrene 0.056 0.031 

 
Methylfluoranthene 0.043 0.021 

 
Cyclopenta(cd)pyrene 0.004514 0.000081 

 
Benz(a)anthracene 0.023 0.013 

 
Chrysene 0.054 0.021 

 
1-Methylchrysene 0.019 0.010 

 
Retene 0.031 0.028 

 
Benzo(b)fluoranthene 0.023 0.013 

 
Benzo(k)fluoranthene 0.0036 0.0028 

 
Benzo(j)fluoranthene  0.0031 0.0023 

 
Benzo(e)pyrene 0.029 0.016 

 
Benzo(a)pyrene 0.0081 0.0066 

 
Perylene 0.0041 0.0034 

 
Benzo(GHI)perylene  0.016 0.011 

 
Dibenz(ah)anthracene 0.0098 0.0085 

 
Picene 0.0139 0.0051 

Hopanes 
  

 
17α(H)-22,29,30-Trisnorhopane 0.344 0.058 

 
17β(H)-21α (H)-30-Norhopane 0.85 0.13 

 
17α(H)-21β(H)-Hopane 0.218 0.066 

n-Alkanes 
  

 
Octadecane 0.39 0.46 

 
Nonadecane 1.1 1.3 

 
Eicosane 2.2 2.2 
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Heneicosane 3.8 2.8 

 
Docosane 4.3 3.2 

 
Tricosane 4.8 2.1 

 
Tetracosane 4.1 2.2 

 
Pentacosane 5.4 2.4 

 
Hexacosane 4.1 2.1 

 
Heptacosane 5.5 2.2 

 
Octacosane 4.8 2.0 

 
Nonacosane 6.5 1.9 

 
Triacontane 4.7 1.4 

 
Hentriacontane 6.7 1.4 

 
Dotriacontane 3.03 0.52 

 
Tritriacontane 2.83 0.54 

 
Tetratriacontane 1.25 0.23 

 
Pentatriacontane 0.66 0.15 

 
Heptatriacontane 0.82 0.26 

 
Octriacontane 2.5 1.3 

 
Nonatriacontane 0.98 0.47 

Other Alkanes 
 

 
Norpristane 0.35 0.47 

 
Pristane 1.0 1.2 

 
Squalane 1.31 0.74 

Anhydrosugars 
 

 
Levoglucosan 46 40 

 
Mannosan 0.93 0.76 

 
Galactosan 0.14 0.13 

Lignin Decomposition Products 

 
Vanillin 0.030 0.044 

 
Syringealdehyde 0.93 0.46 

 
Vanillic acid 3.7 2.2 

 
Syringic acid  1.69 0.91 

Sterols 
  

 
Stigmasterol 0.22 0.11 

 
β-Sitosterol 0.53 0.34 

 
Campesterol 0.29 0.20 

 

 

  

Table 5.2 - continued 
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Table 5.3: Estimated emissions from Indonesian peat fires during 2015 El Niño, based 
on a burned area of 8.5 × 105 ha (Whitburn et al., 2016), an average burning 
depth of 34±12 cm (Stockwell et al, 2016), and peat bulk density 0.120±0.005 
g cm-3 (Konecny et al., 2016). The uncertainty of the estimated value is 
propagated using standard deviation of the mean EFs, burn depth and peat 
bulk density. 

Species 
Total Estimated Emission 

C based (Tg C) Species based (Tg) 
PM2.5 - 6.0±5.5 
C containing compounds 

 
 

OC 4.3±4.3 - 

 
EC 0.083±0.081 - 

 
CO2(g)

a 149±71 547±259 

 
CO(g)

a 44±30 102±69 

 
CH4(g)

a 2.5±2.6 3.3±3.5 

 
Other C containing trace gasesa 5.5±1.3 9.3±2.6 

Total C 205±77 - 
Water-soluble ions 

  
 

NH4
+ - 0.032±0.039 

 
Cl- - 0.026±0.032 

 
NO3

- - 0.0010±0.0013 

 
SO4

2- - 0.0096±0.0151 
Other atmospheric gases 

  
 

NH3(g)
a - 1.00±0.91 

 
HCl(g)

a - 0.012±0.014 

 
NO(g)

a - 0.11±0.17 

 
HONO(g)

a - 0.073±0.061 
a-EFs are based on Stockwell et al., (2016) 
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CHAPTER SIX 

ENRICHMENT OF SACCHARIDES AND DIVALENT CATIONS IN SEA 

SPRAY AEROSOL DURING TWO PHYTOPLANKTON BLOOMS4  

6.1 Abstract  

Sea spray aerosol (SSA) is a globally important source of particulate matter. A 

mesocosm study was performed to determine the relative enrichment of saccharides and 

inorganic ions in nascent fine (PM2.5) and coarse (PM10-2.5) SSA and sea surface 

microlayer (SSML) relative to bulk seawater. Saccharides comprise a significant fraction 

of organic matter in fine and coarse SSA (11% and 27%, respectively). Relative to 

sodium, individual saccharides were enriched 14-1314 times in fine SSA, 3-138 times in 

coarse SSA, but only up to 1.0-16.2 times in SSML. Enrichments in SSML were 

attributed to rising bubbles that scavenge surface-active species from seawater, while 

further enrichment into fine SSA likely derives from bubble films. Mean enrichment 

factors for major ions demonstrated significant enrichment in fine SSA for potassium 

(1.3), magnesium (1.4), and calcium (1.7), likely due to their interactions with organic 

matter. Consequently, fine SSA develops a significantly different salt profile from that of 

seawater. Maximum enrichments of saccharides and ions coincided with the second of 

                                                 
4 This chapter was previously published as Jayarathne, T.; Sultana, C.; Lee, C.; Malfatti, F,; Cox, J.; 
Pendergraft, M.; Moore, K.; Azam, F.; Tivanski, A.; Cappa, C.; Bertram, T.; Grassian, V.; Prather, K.; 
Stone, E. "Enrichment of Saccharides and Divalent Cations in Sea Spray Aerosol During Two 
Phytoplankton Blooms." Environmental Science & Technology 50.21 (2016): 11511-11520. 
Author Contributions 
E.S. and T.J. designed research; E.S., A.T., C.C., T.B., K.P., F.A. and V.G. planned the experiment; C.S. 
and C.L. set up the experiment; C.S., K.M. and F.M. provided chlorophyll and bacteria data; J.C. and M.P. 
collected seawater and SSML samples; T.J. collected SSA samples, extracted and analyzed samples, 
processed data and wrote the manuscript. C.S., C.L., F.M., J.C., M.P., K.M., F.A., A.T., C.C., T.B., V.G., 
K.P. and E.S. reviewed and commented on the manuscript. 
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two phytoplankton blooms, signifying the influence of ocean biology on selective mass 

transfer across the ocean-air interface. 

6.2 Introduction 

The ocean represents a major source of primary aerosol emissions, emitting an 

estimated 2-100 × 1015 g of sea spray aerosol (SSA) per year.58, 61, 254, 255 256 By scattering 

light, SSA attenuate solar radiation, and by serving as cloud condensation nuclei (CCN) 

and ice nuclei (IN) they affect cloud formation, cloud albedo, and precipitation cycles.65  

These physical properties of SSA are affected by particle size and chemical 

composition.32, 69 Thus, a detailed understanding of size-dependent SSA composition as a 

function of ocean biogeochemistry is required to advance the understanding and improve 

predictions of SSA influences on air quality and climate.58, 61, 63, 70  

SSA is produced when bubbles burst at the ocean surface. Bubbles at the surface 

may burst instantly (<1 s) or persist for extended period of time (10-100 s).257 Breaking 

of the bubble film releases film drops, and the collapse of the bubble ejects a jet drop.256 

The SSA produced ranges in diameter from few nanometers to several microns; film 

drops are smaller in size (generally <1 µm) than jet drops (generally >1 µm).64, 256  At the 

ocean surface, there is a thin film (20 – 400 µm) termed the sea surface microlayer 

(SSML) that is chemically distinct from seawater due to its higher organic matter 

content.258, 259 The SSML may be disturbed by crashing waves or wind, but quickly 

reforms within seconds.260, 261 

The relative ratio of organic matter to sea salt in SSA is higher than that of 

seawater, with the greatest organic-to-salt enrichment occurring in sub-micron sized 

particles.22, 60, 73, 262-265 The mechanism proposed for this enrichment is the scavenging of 
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surface-active organic matter by rising bubbles and bursting of bubble films that are 

enriched in organic matter.74-80 The organic carbon fraction of SSA increases with 

decreasing particle size.22, 35, 73, 262, 266 Sub-micron SSA (0.56 – 1 µm) contains more 

water-insoluble and aliphatic-rich organic matter while super-micron SSA (1.8 – 3.2 µm) 

is more water-soluble and oxygen-rich.267 Contributing to this organic matter are intact 

marine microorganisms (e.g. phytoplankton, bacteria and virus), their products (e.g. 

bacteria vesicles) and detritus,79, 268-270 proteinaceous material,79, 271 transparent 

exopolymers,271 polysaccharides,79, 272 fatty acids,273 alkanes,273 organic anionic 

surfactants,105 and sterols.274 There is mounting evidence that phytoplankton, bacteria, 

and viruses in the marine microbial loop modify the composition of SSA by altering the 

pool of organic material in the ocean.267, 275, 276  

Carbohydrates (a.k.a. saccharides) are omnipresent in the marine environment, 

comprising up to 20% of dissolved organic carbon (DOC) in seawater.277 Carbohydrates 

in marine samples could be in the form of free-monosaccharides (e.g. free glucose) or 

oligo/polysaccharides (e.g. glucan). Carbohydrates serve as substrates for energy storage 

and structural materials of marine microbes.278 Glucose, galactose, mannose, xylose and 

fructose are monomers of energy and structure-related polysaccharides in phytoplankton, 

while fucose, arabinose and rhamnose-containing polysaccharides are synthesized by 

stressed phytoplankton and are associated with bacterial activities.75, 76, 279-281 Due to the 

surface active nature of polysaccharides, they have been identified as a class of organic 

matter that is likely enriched at the air-water interface and SSA.60, 77, 81, 272, 282  
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Enrichment factors (EF) provide a means of quantitatively evaluating enrichment, 

as the ratio of the concentrations of species x relative to sodium (Na+) in phase i (SSML 

and SSA) and seawater: 

𝐸𝐸𝐸𝐸𝑥𝑥(𝑖𝑖) = [𝑥𝑥]𝑖𝑖 [𝑁𝑁𝑁𝑁+]𝑖𝑖⁄
[𝑥𝑥]𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 [𝑁𝑁𝑁𝑁+]𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠⁄  (6.1) 

EF greater than 1 indicates enrichment of species x relative to Na+ in phase i, while EF 

less than 1 indicates depletion. Saccharide enrichment has been demonstrated for total 

hydrolysable saccharides in total suspended particles (TSP), with EF in the range of 22-

70 for laboratory bubble bursting studies.272 The enrichment of saccharides in SSML has 

also been shown to vary seasonally and with phytoplankton blooms,272, 282 suggesting that 

enrichment of saccharides in SSA depends on the biological condition of the seawater. 

Prior to this study, the enrichment of individual saccharides with respect to size-resolved 

SSA and its dependence on ocean biology had not been evaluated.  

The enrichment of organic matter in SSA can influence metal ions (e.g. Ca2+, 

Mg2+, K+) through complexation.59, 76, 79, 283-286 The interaction of organic molecules and 

inorganic ions in SSA has been demonstrated through single-particle mapping, which 

shows, for example, potassium associated with carbon and hydroxyl groups.79, 80 

Hexadecanoic acid, the most prominent fatty acid in SSA,105 binds preferentially to 

calcium, magnesium and potassium over sodium, leading to their accumulation at the air-

water interface.287, 288 Enrichment of Ca2+, Mg2+, K+ and trace metals at the air-water 

interface has also been documented in field studies.289-291 However, field measurements 

of SSA are challenged by due to the ubiquity of inorganic ions in the atmosphere and 

their potential to arise from terrestrial sources (e.g. mineral dust) or atmospheric 
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processes.59, 73, 292-294 Attributing the enrichment of these inorganic ions in SSA to its 

production, requires isolating SSA from confounding sources.59, 286, 295  

In this study, nascent SSA particles were generated from simulated wave breaking 

in a large wave-flume. The wave-flume setup is comparable to natural wave breaking and 

is expected to yield a particle size distribution similar to natural marine aerosols.64 The 

system was isolated from background aerosol and gas-phase pollutants, allowing for the 

characterization of nascent SSA without influence from other sources.267 The central 

objectives of this study include evaluating 1) the enrichment of organic carbon (OC), 

saccharides, and inorganic ions in nascent SSA, 2) the extent to which the selective 

transfer across the air-water interface leads to chemical differences in SSA from bulk 

seawater, and 3) the influence of the microbial loop on these phenomena. To this end, 

OC, saccharides, and inorganic ions were quantified in parallel samples of seawater, 

SSML, fine and coarse SSA during the Investigation into Marine Particle Chemistry and 

Transfer Science (IMPACTS) experiment in 2014 that spanned two consecutive 

phytoplankton blooms. To the best of our knowledge, this is the first report of enrichment 

factors for saccharides that can be specifically attributed to selective transfer across the 

air-water interface. 

 

6.3 Experimental Procedures 

6.3.1 IMPACTS Experiment 

The IMPACTS experiment was conducted at the Scripps Institution of 

Oceanography, University of California, San Diego and is described in detail 

elsewhere.267 In brief, a wave-flume was pre-cleaned, filled with coastal ocean water (day 
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1) and SSA was generated by wave breaking. The growth of phytoplankton was 

promoted by addition of nutrients (f/2 algae growth medium, sodium metasilicate, 

sodium phosphate) and exposure to artificial photosynthetically-active light. While all 

species in the mesocosm were present in coastal seawater introduced to the wave flume, 

the laboratory conditions likely favored certain species, giving rise to microbe 

populations and distributions that are expected to differ from the marine environment. 

The biological activity of the mesocosm was monitored by in vivo chlorophyll (chl) and 

heterotrophic bacteria levels as described elsewhere.267 The wave-flume was covered 

with a lid to isolate the air inside from the ambient environment. Cleaned, particle free air 

that was filtered by activated charcoal, potassium permanganate and HEPA filters to 

remove volatile organic compounds, nitrogen and sulfur oxides, and aerosol particles was 

introduced to the headspace of the wave-flume.64 Prior to sample collection, particle 

counts were monitored (<10 cm-3) to ensure that the wave flume was free of background 

air. Nascent SSA was sampled 1 m downstream the breaking wave. 

  

6.3.2 Sample Collection 

Seawater samples were collected 20-25 cm below the surface in the flume using a 

Teflon tube and stored in pre-cleaned polypropylene bottles. SSML was collected using 

the glass plate method259 and was stored in pre-cleaned glass vials. SSA in fine (PM2.5) 

and coarse (PM10-2.5) size fractions was collected on pre-cleaned 37 mm quartz fiber 

filters (QFF) and pre-weighed Teflon filters (Pall, Life Sciences) using a dichotomous 

aerosol sampler (Andersen Instruments, series 241) equipped with a PM10 cutoff impactor 

inlet (Anderson Instruments, Model 246b). SSA particles were collected daily for 3-6 
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hours at ambient temperature and relative humidity (RH; 67-76%) without drying. 

Collection of wet aerosol would increase their aerodynamic diameter upon particle sizing 

by a factor of 1.2-1.6 compared to dry particles.32 Field blanks were collected for every 5 

samples. All samples were stored frozen (-20 ⁰C) in the dark until chemical analysis. 

 

6.3.3 Sample Characterization and Analysis 

Determination of SSA particle mass: SSA mass was determined as the difference between 

pre- and post-sampling weights of Teflon filters upon which SSA was collected. Filters 

were first conditioned for 48 hours in a desiccator and then weighed by an analytical 

microbalance (Mettler, Toledo XP26) in a temperature 129 (72.4±0.8 ⁰C) and RH (33±5 

%) controlled environment.  

 

Organic carbon (OC) in SSA particles: The OC and elemental carbon (EC) content of 

SSA was quantified by a 1.00 cm2 sub-sample of QFF using a thermal optical analyzer 

(Sunset Laboratories) following the ACE-Asia protocol.111 EC was not detected. 

Analysis of water soluble inorganic ions: Seawater and SSML samples were filtered 

through a 0.45 µm PTFE filter and were analyzed by ion-exchange chromatography 

coupled with conductivity detection (Dionex, ICS-5000) as described elsewhere.140 For 

SSA samples, Teflon filters were pre-wet with 200 µL of acetone and extracted into 6.00 

mL of ultra-pure water by shaking (125 rpm) for 10 minutes and ultra-sonication (60 

sonics min-1, 5510-Branson) for 30 minutes. The extract was filtered (0.45 µm PTFE) 

prior to analysis.   
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Analysis of free-monosaccharides and oligo/polysaccharides: Filtered seawater, SSML 

and aqueous SSA extract were directly analyzed by high performance anion exchange 

chromatography (HPAEC; Dionex-ICS 5000) with pulsed amperometry for free-

monosaccharides. A second sample aliquot was hydrolyzed with 0.1 M trifluoroacetic 

acid at 100 ⁰C for 12 hours and subsequently analyzed for total saccharides.112 The 

oligo/polysaccharide fraction was calculated as the difference between the total and free-

saccharides. Saccharides were separated on a Dionex CarboPacTM PA20 (3 × 150 mm) 

carbohydrate column, preceded by a guard column and Dionex AminoTrapTM trap 

column with isocratic 27.5 mM sodium hydroxide at a flow rate of 0.480 mL min-1. In 

between samples, 200 mM sodium hydroxide was passed through the column for 15 

minutes to reequilibrate the stationary phase. Saccharides were identified by their 

retention times against 15 standards (xylitol, mannitol, arabinose, glucose, xylose, 

fructose (Sigma-Aldrich), erythritol, arabitol, trehalose, fucose, (Alfa-Aesar), rhamnose, 

mannose, ribose (Acros Organics), galactose, sucrose (Fisher)). Seven-point calibration 

curves ranging from 10 nM to 10 µM were used for quantification.  

 

Statistical analysis: Significant deviations of EF from 1 were assessed at the 95% 

confidence interval by the Wilcoxon signed rank test. To evaluate significant differences 

in EF factors across phases, the Mann-Whitney test at the 95% confidence interval was 

used. Spearman’s rank-order correlation coefficients (rs) were used to compare 

saccharide levels across phases.296 Statistical analyses were performed in Minitab-17 

statistical software.  
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6.4  Results and Discussion 

6.4.1 Biological Activity and Dissolved Organic Carbon in Seawater 

During the IMPACTS mesocosm experiment, two phytoplankton blooms 

occurred in succession as indicated by sustained increases in in vivo chl concentrations 

above the initial level of 0.64 µg L-1 (Figure 6.1a). Phytoplankton bloom 1 began 10 days 

after the start of the mesocosm experiment and lasted for 6 days, reaching peak in vivo 

chl levels of 2.7 µg L-1 on day 13.  Bloom 2 occurred on days 20 – 27 of the experiment, 

reaching a peak in vivo chl concentration of 5.7 µg L-1 on day 25. Maximum 

heterotrophic bacteria counts were lower in bloom 1 (2.1×106 mL-1 on day 13) compared 

to bloom 2 (7.8×106 mL-1 on day 25). Particulate organic carbon (POC), defined as 

particles > 0.45 µm, concentrations peaked at 185 ± 4 µM C on day 12 and 163 ± 6 µM C 

on day 26 compared to an initial level of 121 µM C (Figure 6.1b). The elevated levels of 

POC along with higher in vivo chl levels likely resulted from healthy phytoplankton 

(during the initial bloom phase), phytoplankton detritus (during the decay of the bloom), 

organic colloids >0.45 µm (cut-off for DOC), marine gels and transparent exopolymer 

particles (TEP).35, 76, 297 DOC of the initial seawater was 138±4 µM C and steadily 

increased to a maximum DOC level on day 25 of 173±1 µM C. The 25% increase in 

DOC from its initial level is attributed to the release of organic substances by 

physiologically old cells, rapid bacterial breakdown of cellular material, and bacterial 

extra-cellular secretions.76, 297, 298 However, no significant correlations were observed 

between biological markers (chl and bacteria) and chemical measurements (POC, DOC, 

saccharides, salts). This is likely due in part to the lag between phytoplankton blooms and 

organic matter enrichment observed in prior mesocosm experiments.275 
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The succession of bacteria following a phytoplankton bloom reflects tight 

bacteria-phytoplankton coupling that is responsible for controlling levels of DOC in the 

ocean.298 The in vivo chl levels observed in wave-flume bulk seawater was comparable to 

natural chl levels of phytoplankton blooms (~1-30 µg L-1) reported in prior field studies 

of coastal and open ocean environments.35 Meanwhile, the observed bacterial counts are 

comparable to the values reported in field studies (105-107 cells mL-1).298 The observed 

seawater carbon levels were within the range of values reported over the coastal ocean 

during phytoplankton blooms for both DOC (50-300 µM C)279 and POC (30-3000 µM 

C).75 As demonstrated by these data, the observed levels of biological activity during 

IMPACTS and their temporal variation are similar to conditions and processes occurring 

in the ocean. 

  

6.4.2 Composition of SSA Particles 

Because the absolute SSA concentrations depended on aerosol residence times in 

the wave flume and the headspace velocity varied during the experiment, the discussion 

of results focuses on relative concentrations (e.g. mass fractions) of SSA components. 

Fine SSA particles were composed of sodium (averaging 18%), chloride (33%), sulfate 

(5.5%), magnesium (2.5%), calcium (0.9%), and organic carbon (8%, ranging 5-15%) 

(Figure 6.2a). Coarse SSA particles were comprised of sodium (22%), chloride (41%), 

sulfate (6.3%) magnesium (2.8%), calcium (0.9%), and OC (1.2%, ranging 0.6-1.9%) 

(Figure 6.2b). The uncharacterized mass fraction of fine and coarse SSA particles was 

31% and 25%, respectively, and includes particle-bound water (as particles were not 

dried before collection), elements associated with carbon in forming organic matter (e.g. 



149 
 

O, H, N, P), and trace elements (e.g. Fe, Al, Si). The fractional contributions of salt and 

OC to the total SSA particle mass were relatively consistent throughout the mesocosm 

experiment, with little sensitivity to chl or bacteria levels (Figure 6.3). The steady OC 

mass fractions in SSA over a wide range of chl levels is consistent with observations of 

Quinn et al. (2014) that reported consistent OC/Na+ ratios for sub-micron SSA in high 

and low chlorophyll regions.35  

 

6.4.3 Enrichment of Organic Carbon in SSA Particles 

OC was significantly enriched in SSA relative to sodium, with mean (± 95% CI) 

EFOC values for fine and coarse particles of 669 ± 143 and 85 ± 15, respectively (Table 

6.1), indicative of the selective transfer of OC to SSA over salt. EFOC is approximately an 

order of magnitude higher for fine particles relative to coarse particles, demonstrating a 

greater enrichment in smaller size particles. Similar EFOC values and its increase with 

decreasing particle size have been previously reported for both laboratory and field 

studies.60 Like the OC mass fraction, EFOC varied little during the mesocosm experiment 

(Figure 6.5a), indicating that EFOC values for fine and coarse size fractions are not 

sensitive to the biological state of the seawater. Co-located measurements by high-

resolution aerosol mass spectrometry, however, demonstrated that for 1 µm sized 

particles, the relative intensity of the organic matter-to-PM mass signal was sensitive to 

biological activity during bloom 1, but not bloom 2.267 Together, these data indicate that 

OC enrichment may vary for sub-micron sized particles during a phytoplankton bloom 

with low bacteria levels, but that this enrichment becomes undetectable when mixed with 

particles 1-2.5 µm that dominate mass-based measurements of fine particles. Thus, the 
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fine particle size cut (<2.5 µm) used in this experiment will include both film and jet 

drops, which would mask the extent of OC enrichment in film drops. 

 

6.4.4 Saccharide Dynamics and Enrichment During the Mesocosm 

Saccharide concentrations in seawater and SSML: 

Glucose was the most abundant saccharide in both seawater (26 – 94 nM) and 

SSML (75 -181 nM). Glucose was predominantly in the form of oligo- and 

polysaccharides, and was only detected in its free form in seawater and SSML after the 

beginning of bloom 1 (from day 10). Galactose, mannose, xylose, fructose, arabinose, 

rhamnose and ribose were detected in seawater and SSML only in their oligo- and 

polysaccharide forms (Table 6.2). Free glucose levels peaked in both seawater (32.2 nM) 

and SSML (38.9 nM) on day 13 coinciding with in vivo chl in bloom 1 (Figure 6.1c-d). 

Within one day, glucose rapidly declined (by ~60%) in both seawater (11.8 nM) and 

SSML (12.7 nM), reaching a minima on day 18. Its concentration increased thereafter 

into bloom 2. Rapid changes of free glucose concentrations is likely due to production of 

labile glucans by phytoplankton (as a means of energy storage) and their rapid 

consumption by heterotrophic bacteria.279, 280  

 

Saccharide concentration and dynamics in SSA: 

Saccharides in SSA were detected only after hydrolysis, but not in their free 

forms. This indicates that in SSA carbohydrate formed oligo/polysaccharides;  however, 

the molecular assembly and speciation of oligo/polysaccharides is not known, as these 

features were lost upon hydrolysis. In fine SSA, glucose, galactose, mannose, xylose, 
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fructose, arabinose, rhamnose and ribose contributed 4 – 20 % of OC mass. Glucose, 

galactose, arabinose, rhamnose, and fucose were also detected in coarse SSA, in which 

total saccharide concentrations contributed 15 – 44 % of OC (Figure 6.4, Table 6.2). On 

average, the measured saccharides accounted for 11±5 % of fine and 27±10 % of coarse 

SSA OC (Figure 6.2c-d). However, the analytical methods employed include neither 

charged saccharides (uronic acids, sulfate-sugars and amino-sugars) nor carbohydrates 

that did not hydrolyze under the mild hydrolysis conditions employed.  Therefore, total 

saccharide concentrations are likely 2 – 10 % higher than the values reported herein.76, 77, 

113, 120  

OC mass fractions of glucose, galactose, mannose, xylose and fructose in fine 

SSA were elevated with in vivo chl levels in seawater (Figure 6.1e and Figure 6.4). With 

the exception of galactose, saccharide mass fractions were lower in bloom 1 than in 

bloom 2, with the latter having higher levels of heterotrophic bacteria. The higher 

galactose fraction in bloom 1 may be due to the presence of phytoplankton species that 

specifically elevate galactose levels, such as dinoflagellates.280, 299 Glucose, mannose, 

xylose and fructose in fine SSA OC were correlated (rs > 0.73, p < 0.03), indicating their 

common origin from oligo/polysaccharides. These sugars comprise labile energy-related 

saccharides that undergo rapid changes in concentration in seawater, SSML, and SSA.  

Higher OC mass fractions of arabinose, rhamnose (fine SSA) and fucose (coarse 

SSA) were observed in the latter part of the experiment (Figure 6.4). Polysaccharides 

containing arabinose, rhamnose, and fucose are synthesized by stressed diatoms under 

nutrient deficiency.279 While some diatom cells have been shown to survive nutrient 

deficiency and remain inactive until nutrients become available, others die and leave 
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behind organic detritus that can be further cleaved by bacteria to release these 

saccharides.300 In addition, arabinose, rhamnose and fucose are associated with bacterial 

extracellular release.75, 279-281, 301, 302 The peak of these chemical species during bloom 2 is 

likely reflective of the combination of declining phytoplankton and high bacterial levels. 

Also during bloom 2,  high bacterial levels may have given rise to elevated mass fractions 

of ribose, the saccharide moiety of ribonucleic acid.76, 303, 304  

 

Saccharide profiles in fine and coarse SSA: 

Glucose, galactose, mannose, xylose, fructose, arabinose, rhamnose and ribose 

were detected in fine SSA with 65% of the average saccharide mass being from glucose 

and galactose. Most of these saccharides are associated with substrates used for energy 

storage (e.g. glucan) in marine organisms and primarily exist as dissolved organic matter 

(DOM).120, 280, 299 Glucose and galactose were also detected in coarse SSA, with 

significant added contributions from arabinose, rhamnose and fucose (26% of total 

saccharide). The higher abundance of these structural saccharides299 are reflective of cell 

wall material, TEP,76 and particulate organic matter (POM).77, 81 Qualitatively, fine SSA 

contains saccharides characteristic of DOM, while coarse SSA contains more saccharides 

that are characteristic of POM. 

The different saccharide profiles of fine and coarse SSA are expected to result 

from the exclusion of POM from SSA particles that are relatively smaller in size. As 

bubbles age POM likely drains back to the base of the bubble prior to bursting, leaving 

behind a films of surface-active DOM that generates film drops upon bursting.258, 276 As 

the inner bubble cavity retracts and produces a larger jet drops, POM may become 
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entrained.258, 276 Burrows et al. (2016) demonstrated that water-soluble saccharides can 

sorb to surfactants and may co-occur on bubble films and be simultaneously transferred 

to SSA.305 In support of this proposed mechanism are co-located data from IMPACTS, 

particularly work by Cochran et al.105 that reported more surface active species (e.g. short 

chain fatty acids) in fine SSA and Patterson et al.268 that reported the incorporation of 

biological structures and POM into larger SSA particles. Future studies into the dissolved 

versus particulate nature of these saccharides can aid in clarifying this mechanism. 

 

Enrichment of saccharides: 

Saccharides were enriched in SSML and SSA over seawater. Average EF values 

in SSML ranged from 1.2 – 5.5 (Table 6.1) and are in agreement with previously reported 

values of 1.5 by Compiano et al.,75 3.5 - 12.1 by Gao et al.,272 and 0.7 - 1.2 by van 

Pinxteren et al.282 Greater enrichments were observed for coarse (with EF ranging 32-52) 

and fine (with EF ranging 30-321) SSA particles (Table 6.1). Coarse mode EF are in 

good agreement with the EFs (TSP), 22-70 estimated by Gao et al.272 Enrichment of 

saccharides at the SSML is due to bubble-scavenged, surface-active polysaccharides.77, 81 

The higher enrichments of saccharides in SSA compared to SSML, reflect an additional 

chemical fractionation in SSA formation. SSML is a heterogeneous medium, with higher 

OM levels at the air-water interface.259 Fine SSA particles exhibited the greatest EF and 

were generated in part by film drops by the bursting of bubble caps that are enriched in 

highly-surface active organic matter and are depleted in sodium relative to other cations. 

Coarse SSA largely generated by jet drops incorporates less-enriched portions of the 

SSML, giving rise to EF values less than fine SSA, but greater than SSML. The glass 
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plate method generally captures bulk SSML to 20-150 µm depth and unable to fractionate 

the different layers of it.259 Future research on SSA enrichment relative to the SSML 

should employ SSML sampling methods specific to the air-water interface to more 

accurately represent where SSA is generated. Likewise, additional SSA size fraction is 

needed to better distinguish between film and jet drops. 

The variation in EF for saccharides during the mesocosm experiment (Figure 6.5 

b-g) demonstrates that saccharide enrichment is a dynamic process that changes with the 

biological state of the seawater. All the saccharides in SSA reported the highest 

enrichment either on day 22 (xylose, fructose) or on day 25 (glucose, galactose, mannose, 

arabinose) during bloom 2 with higher chl and bacteria levels. Saccharide EF had a 

similar temporal variation as saccharide mass fraction of OC in SSA (Figure 6.4), which 

indicates that maximum saccharide enrichment coincided with their greatest mass 

contributions to OC. 

  

6.4.5 Enrichment of Major Cations in SSML and SSA 

Salts are highly abundant in seawater, SSML and SSA. Median Na+ and Cl- 

concentrations in the seawater were 483 mM and 568 mM, respectively, in good 

agreement with prior studies by Barker and Zeitlin,289 Holland,306 Keene et al.,73 and 

Sarmiento and Gruber297 (Table 6.3).  

Mg2+, Ca2+, and K+ were enriched in SSML and SSA relative to Na+, with EF 

values significantly higher than unity (p ≤ 0.005).  In SSML, EF averaged 1.24 ± 0.14 for 

Ca2+, 1.21 ± 0.13 for K+, and 1.20 ± 0.13 for Mg2+. In fine and coarse SSA, Ca2+ was the 

most enriched cation, followed by Mg2+ and K+ (Table 6.1). In SSA, Ca2+ and Mg2+ 
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always exhibited enrichment (EF > 1), while EF for K+ was more variable (ranging 0.79 

– 2.24) and below 1 on days 12, 13, 15, and 17.  EF for Mg2+ and Ca2+ in SSA were 

significantly higher than SSML (p < 0.05), indicating a selective enrichment of these 

divalent cations in SSA. While fine and coarse SSA were both enriched in these cations, 

they were not significantly different from one another.  

The observed selectivity in cation transfer (Ca2+ > Mg2+ > K+) follows the same 

trend of cation binding affinities to fatty acids (e.g. palmitic acid) and anionic surfactants 

(e.g. dodecyl sulfate).287, 288, 307 Natural organic films of lipids, fatty acids, 

polysaccharides and proteins reside at bubble surfaces due to surface activity of those 

molecules.60, 79, 105, 271-274 They also can complex Ca2+, Mg2+ and K+  via chelation and 

selectively transport them to SSA in the process of bubble bursting.76, 79 It has been 

shown that divalent cations (Ca2+ > Mg2+) facilitate the aggregation of extracellular 

polymeric substances due to their strong binding capability with phenolic –OH, aromatic 

C=C and polysaccharide C-O groups.291 The role of organic species in affecting 

enrichment of Ca2+, Mg2+ and K+ in SSA is supported by the temporal consistency in the 

cation EF with those of saccharides (Figure 6.5). In the presence of organic complexing 

agents, cations are selectively transferred to SSA in a way that reflects their binding 

affinity to surface active species.   

Enrichment of Ca+ and K+ in SSA due to bubble bursting was first demonstrated 

by Oppo et al. (1999), who attributed cation enrichment in sub-micron SSA to their 

interactions with surfactants at the air-water interface and super-micron enrichment to 

cation interactions with bacteria.286 More recently, Ca2+ enrichment was demonstrated in 

a laboratory study of SSA without adding organic matter to the seawater matrix, 
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suggesting surfactants are not required for enrichment and carbonate or bicarbonate may 

be responsible.295 Prior field studies likewise report calcium enrichment in marine 

aerosol, but suggested it was due to wind-blown mineral dust, calcareous shell debris or 

fragments of calcareous phytoplankton rather than SSA production.73, 79, 294 Results from 

this study further confirm the enrichment of Ca2+, Mg2+
 and K+ in SSA due to SSA 

production mechanisms. For the first time we demonstrate that ocean biological 

conditions affects ion enrichment, with maximum enrichments of cations in SSML and 

SSA occurring during periods of elevated phytoplankton and bacteria levels.      

 

6.4.6 Enrichment of Major Anions in SSA 

Nitrate was the most enriched anion in SSA, with EF of 7 ± 1 and 2.2 ± 0.4 for 

fine and coarse SSA particles, respectively. The EF varied widely during the experiment 

(1.2 – 12.0) with the greatest enrichment occurring on day 23 during bloom 2 (Figure 

6.5i). The actual mechanism of nitrate enrichment is not known, but may be carried to 

SSA by charged organic compounds (e. g., amino saccharides, amino acids, proteins).308 

Like nitrate, sulfate was significantly (p<0.001) enriched in SSA, with mean EF of 1.19 ± 

0.06 and 1.14 ± 0.07 for fine and coarse SSA particles, respectively. Sulfate enrichment 

varied across a narrower range (0.79 – 1.42) and exhibited depletion (EF < 1) on days 18, 

22, and 25 and EFsulfate was higher in bloom 1 than bloom 2. Sulfate was not enriched in 

the SSML, indicating that the enrichment is unique to SSA. The exact mechanism for 

sulfate enrichment in SSA is also not known, but it may be transported as a charge-

compensating anion by organic or inorganic cations. Meanwhile, chloride was not 

significantly enriched or depleted in SSML or SSA (Table 6.1, Figure 6.5k), with EF 
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values not significantly deviating (p > 0.06) from unity. To the best of our knowledge, 

these are the first quantitative data demonstrating anion enrichment in SSA. 

 

6.4.7 Implications of Ion Enrichment 

The parallel analysis of seawater, SSML, and SSA has revealed differences in the 

ion composition of each phase (Table 6.3), such that salt composition in SSA should not 

be assumed to be that of seawater. Due to the enrichment of divalent cations relative to 

Na+, the estimation of sea salt mass in SSA using Na+ concentrations and Na+-to-salt 

ratios of seawater is biased low. In this dataset, the measured salt components exceeded 

the estimated salt mass by an average of 6%. This underestimation was most significant 

for enriched species in fine SSA: K+ (18%), Mg2+ (28%), Ca2+ (35%), NO3
- (83%) and 

SO4
2- (15%). As demonstrated by these calculations, the sea salt estimation method can 

underestimate total salt concentrations in SSA and substantially underestimate 

concentrations of individual ions. Using of Cl- instead of Na+ in estimation method is not 

recommended, due to its depletion from marine aerosols due to secondary processing.309-

311     

Excess sulfate in SSA, termed non-sea-salt-sulfate (NSS), has been attributed to 

secondary sulfate production via atmospheric reactions.294 Our observation of sulfate 

enrichment in nascent SSA particles indicates that the marine environment contributes to 

NSS in addition to secondary sulfate formation. Such a marine source would 

underestimate sea-salt sulfate and overestimate secondary sulfate (as NSS) in prior 

studies. However, the extent of this bias is expected to depend on SSA-size and seawater 
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conditions. Further research on the mechanism of sulfate enrichment and the extent to 

which it occurs in ambient environments is needed. 
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Figure 6.1: Temporal variation of a) in vivo chlorophyll, heterotrophic bacteria in the 
seawater, b) POC and DOC concentration in seawater and concentration, and 
OC mass fraction of glucose in c) seawater, d) SSML, e) fine and f) coarse 
SSA. 
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Figure 6.2: Mass distribution of inorganic ions and organic carbon to a) fine and b) 
coarse SSA mass. Contribution of total (free and oligo/polysaccharide bound) 
saccharides to organic carbon mass for c) fine and d) coarse SSA particles. 
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Figure 6.3: PM mass composition of a) fine and b) coarse SSA. 
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Figure 6.4: Total (free and oligo/polysaccharide bound) saccharide mass fraction of OC 
in a) fine and b) coarse SSA. 
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Figure 6.5: Time series of a) organic carbon, b-f) total (free and oligo/polysaccharide 
bound) saccharide and h-m) inorganic ion enrichment factors in SSML, fine 
and coarse SSA during the IMPACTS experiment. 
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Table 6.1: The range and mean enrichment factors (EF ± 95% CI) for a) organic carbon, 
b) total (free and oligo/polysaccharide bound) saccharides and c) select water-
soluble ions in SSA particles collected over the course of two consecutive 
phytoplankton blooms during IMPACTS 2014. Sodium was used as the 
reference species and by definition has an EF of 1. 

Analyte 
EF for SSML EF for Fine SSA EF for Coarse SSA 

Range Mean  Range Mean  Range Mean 

a) Organic carbon NA NA 282 - 1564 669 ± 143 47 - 167 85 ± 15 

b) Saccharides       

 Glucose 1.1 - 3.7 1.9 ± 0.6 53 - 340   151 ± 70 17 - 138 52 ± 26 

 Galactose 1.5 - 5.7 2.8 ± 0.9 28 - 130     73 ± 22 8 - 85 34 ± 15 

 Mannose   1.1 - 16.2 5 ± 3   60 - 1314   321 ± 282 NA NA 

 Xylose 1.4 - 8.4 5 ± 2 22 - 240 82 ± 57 NA NA 

 Fructose 1.3 - 8.3 4 ± 2 40 - 245   122 ± 65 NA NA 

 Arabinose   2.2 - 13.0 5 ± 3 44 - 218   104 ± 53 12 - 66 32 ± 16 

 Rhamnose 1.0 - 1.6 1.2 ± 0.4    14 - 34 NA* 3 - 21 NA* 

 Ribose 1.1 - 2.6 1.8 ± 0.4 15 - 50 30 ± 46 NA NA 

c) Inorganic ions       

 Potassium 0.99 - 2.02 1.2 ± 0.1 0.79 - 2.14 1.3 ± 0.2 1.00 - 2.24 1.3 ± 0.2 

 Magnesium 0.98 - 1.96 1.2 ± 0.1 1.10 - 2.08 1.4 ± 0.1 1.05 - 2.28 1.4 ± 0.2 

 Calcium 1.00 - 2.04 1.2 ± 0.1 1.02 - 3.38 1.7 ± 0.3 1.15 - 2.34 1.5 ± 0.2 

 Chloride 0.95 - 1.26 1.05 ± 0.04 0.88 - 1.29 1.06 ± 0.06  0.94 - 1.26 1.05 ± 0.05 

 Nitrate 0.89 - 1.98 1.2 ± 0.1  3.90 - 12.0 7 ± 1 1.25 - 4.52 2.2 ± 0.4 

 Sulfate 0.70 - 1.07 0.94 ± 0.05   0.79 - 1.36 1.19 ± 0.06 0.83 - 1.42 1.14 ± 0.07 

NA – Not available; *n = 2 
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Table 6.2: Frequency of detection (FOD), range and mean concentration (± standard error) of total (free and oligo/polysaccharide 
bound) saccharides in seawater, SSML, fine and coarse SSA over the IMPACTS experiment (n=10).

Analyte 

Seawater SSML Fine SSA Coarse SSA 

FOD 

(%) 

Concentration 

(nM) FOD 

(%) 

Concentration 

(nM) FOD 

(%) 

Concentration 

(nmol m-3) FOD 

(%) 

Concentration 

(nmol m-3) 

Range 
Mean ± 

SE 
Range 

Mean ± 

SE 
Range Mean ± SE Range Mean ± SE 

Glucose 100 26 - 94 62 ± 8 100 75 - 181 120 ± 10 100 0.35 – 1.5 0.9 ± 0.1 100 0.94 – 2.9 1.6 ± 0.2 

Galactose 100 16 - 75 41 ± 6 100 88 - 136 114 ± 5 100 0.11 – 0.54 0.29 ± 0.04 100 0.26 – 0.92 0.69 ± 0.06 

Xylose 100 8.1 - 57 24 ± 5 100 70 - 119 89 ± 5 100 0.04 – 0.44 0.16 ± 0.04 0 ND ND 

Mannose 100 1.9 - 24 8 ± 2 100 18 - 46 28 ± 2 100 0.06 – 0.44 0.15 ± 0.03 0 ND ND 

Fructose 100 3.3 - 15 8 ± 1 100 12 - 128 31 ± 11 90 0.02 – 0.14 0.08 ± 0.01 0 ND ND 

Arabinose 100 3.8 - 42 20 ± 4 100 52 - 99 69 ± 4 70 0.09 – 0.33 0.17 ± 0.03 70 0.18 – 0.46 0.29 ± 0.04 

Rhamnose 50 7.5 - 23 15 ± 3 90 5.4 - 14 10 ± 1 20 0.02 – 0.06 0.04 ± 0.02 20 0.14 – 0.25 0.19 ± 0.06 

Ribose 100 11 - 35 20 ± 2 100 31 - 49 39 ± 2 30 0.04 – 0.08 0.06 ± 0.01 0 ND ND 

Fucose 0 ND ND 0 ND ND 0 ND ND 60 0.09 – 0.74 0.38 ± 0.09 

ND – not detected 
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Table 6.3: Summary statistics of salt concentration observed during IMPACTS 2014 and prior studies (uncertainties are associated 
with last significant digit and represent standard error (n=21)).

Compartment Statistic 
Sodium  

Concentration 
Molar Ratio to Sodium 

Reference 
Magnesium Potassium Calcium Chloride Sulfate Bromide Nitrate 

Seawater Minimum 338 mM 0.056 0.010 0.010 0.95 0.054 0.0008 0.007 

IMPACTS (This study) 

Maximum 504 mM 0.112 0.020 0.020 1.23 0.083 0.0018 0.0018 

Median 483 mM 0.110 0.020 0.019 1.15 0.059 0.0015 0.0014 

Mean 456 ± 10 mM 0.097(±4) 0.0174(±8) 0.0170(±7) 1.14(±2) 0.062(±2) 0.00139(±6) 0.00131(±7) 

SSML Minimum 503 mM 
0.1101 0.0197 0.0196 1.147 0.0563 0.00148 0.00134 

Maximum 521 mM 0.1128 0.0205 0.0208 1.209 0.0588 0.00169 0.00156 

Median 510 mM 0.1113 0.0201 0.0201 1.195 0.0581 0.00155 0.00147 

Mean 511 ± 1 mM 0.1113(±2) 0.02008(±6) 0.02015(±6) 1.190(±3) 0.0579(±1) 0.00157(±1) 0.00146(±1) 

Fine SSA Mean 370 ± 22 nmol m-3 0.134(±2) 0.0219(±8) 0.028(±2) 1.21(±3) 0.0732(±8) ND 0.0082(±4) 

Coarse SSA Mean 1866 ± 104 nmol m-3 
0.125(±2) 0.0221(±4) 0.0244(±6) 1.22(±2) 0.070(±1) 0.00155(±3) 0.00266(±7) 

Seawater 
 

468 mM 0.114 0.022 0.022 1.16 0.060 - - Holland (1978) 

Seawater 
 

474 mM 0.111 0.023 0.022 1.13 0.061 0.0017 - Keene et al. (2007) 

Seawater  481 mM 0.112 0.022 0.022 1.16 - 0.0018 - Sarmiento and Gruber (2013) 

Seawater  462 mM 0.117 0.021 0.022 - - - - Barker and Zeitlin (1972) 

SSML 
 

476 mM 0.115 0.022 0.023 - - - - Barker and Zeitlin (1972) 

Nascent SSA 

(TSP) 

 
881 nmol m-3 0.107 0.020 0.025 1.14 0.058 0.0018 - Keene et al. (2007) 

ND – not detected  
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CHAPTER SEVEN 

ENRICHMENT OF SACCHARIDES AT AIR-WATER INTERFACE: A 

QUANTITATIVE COMPARISON OF SEA SURFACE MICROLAYER AND 

FOAM5 

7.1 Abstract 

Organic matter accumulates at the ocean surface. Herein, we provide the first 

quantitative assessment of the enrichment of dissolved saccharides in persistent whitecap 

foam and compare this enrichment to the sea surface microlayer (SSML) during a nine 

day mesocosm experiment involving a phytoplankton bloom. Free monosaccharides were 

quantified directly, total saccharides were determined following mild acid hydrolysis, and 

the oligo/polysaccharide component was determined as the difference of total and 

monosaccharides. Total saccharides contributed a significant fraction of dissolved 

organic carbon (DOC), accounting for 13% of DOC in seawater, 27% in SSML and 31% 

in foam. Median enrichment factors (EF), the ratio of the concentrations of saccharides 

relative to sodium in SSML or foam to that of seawater ranged from 1.7-6.4 and 2.1-12.1 

in SSML and foam, respectively. Based on median EFs, xylitol, mannitol, glucose, 

galactose, mannose, xylose, fucose, rhamnose and ribose were more enriched in foam 

layer than SSML. The greatest EFs for saccharides coincided with high chlorophyll 

levels, indicating changing surface enrichment with phytoplankton blooms. Higher 

enrichments of organic matter in sea foam over the SSML indicate that surface active 
                                                 
5 This chapter is in preparation to publish as Jayarathne, T.; Cappa, C.; Bertram, T.; Grassian, V.; Prather, 
K. and Stone, E., “Enrichment of Saccharides and Metals at Air-Water Interface: A Quantitative 
Comparison of Sea Surface Microlayer and Foam”, Environmental Science and Technology Letters. 
Author Contributions 
T.J. and E.S. designed research; E.S., C.C., T.B., K.P., and V.G. planned the experiment; T.J. collected 
samples, extracted and analyzed, processed data and wrote the chapter. 
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organic compounds become increasingly enriched on persistent bubble film surfaces. 

These findings help to explain how marine organic matter becomes highly enriched in sea 

spray aerosol that is generated by bursting bubbles at the ocean surface.  

 

7.2 Introduction 

Seawater, in addition to salt, contains complex matrix organic compounds, with 

saccharides (a.k.a carbohydrates), proteins, and lipids being the predominant compound 

classes.78, 312-314 Saccharides, in particular, are present in a variety of chemical forms, 

including sugar alcohols (e.g., arabitol, mannitol), free monosaccharides (e.g., glucose, 

galactose), oligo/polysaccharides (e.g., glucan, transparent exopolysaccharides or TEP) 

or saccharides complexed with other molecules such as lipids and protein (e.g., 

lipopolysaccharides, glycoproteins).76, 113, 282 These saccharides serve as substrates for 

energy storage and the formation of structural materials (e.g. cell wall) of marine micro-

organisms.76, 277, 278, 315 They have been estimated to contribute up to 40 % of dissolved 

organic carbon (DOC) in the ocean with levels dependent on biological activity.120, 277, 299, 

316 During a phytoplankton bloom, the molecular composition of saccharides is altered by 

phytoplankton and bacteria.279 Glucose and fructose are the monomers of major energy-

related polysaccharides in phytoplankton (e.g. glucan, fructan) and are released in large 

quantities following the peak of the bloom due to phytoplankton lysis.75, 279, 317 Galactose, 

mannose, xylose, fucose, rhamnose and arabinose comprise less labile, structural-related 

polysaccharides that are released by bacterial breakdown of phytoplankton cellular 

materials. Meanwhile, fucose, arabinose and rhamnose containing polysaccharides are 

synthesized by stressed phytoplankton under nutrient deficiency, and elevated levels of 
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these carbohydrate monomers are observed during phytoplankton bloom decay.75, 279, 280 

In addition, rhamnose and arabinose containing polysaccharides are associated with 

bacterial secretions and found to be elevated in areas where higher bacterial activity in 

the ocean.279, 281 Hence, the changes in the concentrations and molecular distributions of 

saccharides are suggested to provide insights to biochemical processes controlling DOC 

in the ocean.279 

Breaking waves entrain air in sub-surface seawater. As tiny bubbles rise to the 

ocean surface, they scavenge surface-active materials in marine DOC (e.g. 

lipopolysaccharides), leading to their accumulation at the ocean surface.77, 81, 258, 259 In 

general, bubbles that reach to the surface may either burst instantly (<1 s) or persist for 

extended period of time (10-100 s), producing persistent layer of whitecap foam. 

Elevated levels of either DOC or surface active material in seawater increases bubble 

lifetime, leading to more persistent bubbles.64, 257, 318 As bubbles age, bubble films 

drastically decrease in thickness (1 µm to 100 nm) as less surface-active materials drain 

to the base of the bubble creating a highly organic enriched bubble film.257, 258 The 

drainage creates a thin (20 – 400 µm), chemically distinct film at ocean surface referred 

to as the sea surface microlayer (SSML).258, 259  

This extent of the accumulation of material at the ocean surface is often 

quantitatively evaluated by enrichment factors (EF). EF for species x (saccharides) 

relative to sodium (Na+) in phase i (either SSML and foam) over seawater were 

calculated by Equation 7.1. 

𝐸𝐸𝐸𝐸𝑥𝑥(𝑖𝑖) =
[𝑥𝑥]𝑖𝑖 [𝑁𝑁𝑁𝑁+]𝑖𝑖⁄

[𝑥𝑥]𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 [𝑁𝑁𝑁𝑁+]𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠⁄  (Equation 7.1) 
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EF greater than 1 indicates enrichment of species x relative to sodium in phase i, while 

EF less than 1 indicates depletion. Prior studies have demonstrated enrichment of DOC, 

organic and inorganic species in SSML.75, 272, 282 In particular, DOC in SSML reported to 

be enriched 0.8 – 1.6 times than that of seawater.319, 320 Further, enrichment of total 

saccharides has been observed in SSML with EFs ranging from 0.7 to 12.1 across field 

and laboratory studies, indicating a selective enrichment of saccharides over bulk DOC.28, 

75, 272, 282  

To the best of our knowledge, enrichments of saccharides have not been 

quantitatively evaluated for persistent bubble films. Meanwhile, it has been suggested 

that extremely high organic enrichment (102 – 103) in sea spray aerosol (SSA) may result 

from organic matter being selectively enriched on  bubble film surfaces prior to 

bursting.80, 258 In the presence of sea foam, Collins et al. (2014) demonstrated a 

preferential enrichment of organic matter in SSA. However, chemical speciation of SSA 

with quantitative measurements of foam composition has yet to be studied. Further, fine 

SSA (with particle diameters< 2.5 µm) has been demonstrated to be more enriched in 

saccharides than coarse SSA (with particle diameters 2.5-10 µm), which is proposed to 

result from fine SSA generation by the bursting of bubble films, called film drops, that 

have the greatest carbohydrate enrichment.28 Further, it was reported that dissolved and 

particulate saccharides selectively transfer to smaller and larger SSA particles, 

respectively. It was suggested that the different SSA generation mechanism control this 

process; however, the exact selectivity mechanism is not understood.28  As the air-water 

interface is involved in SSA production, it is essential to understand its chemical 
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composition in order to predict the chemical composition of SSA and its potential to 

influence on atmospheric processes and climate.  

The central objective of this study is the quantitative assessment of saccharide 

enrichment in SSML and sea foam layer over a full phytoplankton bloom cycle. In this 

way, we compare the enrichment of species at the sea surface across SSML and foam and 

evaluate the role of marine microbiology on this enrichment.  Real microbial processes 

that mimic primary production in the ocean was involved in this experiment and thus 

accurately represent biological and chemical transformations that occur in the ocean. A 

Marine Aerosol Reference Tank (MART) was used for foam production providing an 

accurate mimic for wave breaking, air entrainment, and bubble generation that  occurs in 

the real marine environment.256 This study provides insight to the enrichment of 

saccharides in sea foam compared to SSML that is relevant to the formation of SSA at the 

air-water interface.  

 

7.3  Experimental Methods 

7.3.1 Sample Collection and Preparation 

A mesocosm was created in a MART following the method described by Lee et 

al., (2015) during the Investigation into Marine Particle Chemistry and Transfer Science 

(IMPACTS) laboratory study. The biological activity of the MART was monitored 

immediately before the sample collection by chlorophyll-a (chl-a) levels using a Wetlabs 

ECO BBFL2 sensor and Turner AquaFluor handheld unit as described by Wang et al., 

(2015).   
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Seawater samples were collected from 15-20 cm below the air-water interface of 

the MART using a disposable plastic pipette and SSML samples were collected from the 

air-water interface following membrane filter method for 9 consecutive days.259 Foam 

samples were collected from day 3-9 using an auto- pipette by rastering the pipette tip 

over the foam layer (Figure 7.1). The foam was generated by plunging the MART by 

impacting a water sheet on the water surface to mimic the plunging jet of water from a 

breaking wave crest.64, 256 The MART was plunged for 5 minutes and accumulated foam 

was immediately collected. Several plugging cycles (10-15 cycles) were carried out to 

collect enough volume of foam for the chemical analysis. All samples were stored in 

polypropylene bottles in dark and frozen (-20 ⁰C). Prior to chemical analysis, samples 

were filtered (450 nm PTFE filters, Whatman) to isolate DOC, operationally defined as 

solutes and colloids smaller than 450 nm. A subset of seawater, SSML and foam samples 

(Day 1-3, 5, 7, 9) were subjected to ultrafiltration for fractionation of material <3 kDa 

and <100 kDa using Amicon centrifugal ultracel membrane filters (Sigma-Aldrich). 

These cutoff diameters are referred to globular proteins and in general ~1 kDa refers to a 

globular protein with ~1 nm in diameter.321-323  

 

7.3.2 Saccharide, DOC and Major Inorganic Ion Analysis    

Instrumental analysis of saccharides was performed using high performance anion 

exchange chromatography (HPAEC) (Dionex-ICS 5000) along with pulsed amperometric 

detection (PAD) following the conditions described by Jayarathne et al., (2016).28 

Samples were analyzed in four ways: 1) directly analysis to quantify free 

monosaccharides, 2) hydrolysis using trifluoroacetic acid (0.1 M) at 100 ⁰C for 12 hours 
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for total saccharides, 3) 3 kDa ultrafiltration and then hydrolysis, and 4) 100 kDa 

ultrafiltration and then hydrolysis. This allowed for saccharides to be quantified in four 

size bins: free monosaccharides, low molecular weight (LMW) oligo- and 

polysaccharides less than 3 kDa, high molecular weight (HMW) polysaccharides ranging 

3-100 kDa, and colloidal polysaccharides ranging 100 kDa-450 nm.  Analytical 

uncertainties were propagated from the method detection limits and 10 % of the 

saccharide concentration.  

DOC was analyzed using Sievers 5310C Laboratory Total Organic Carbon 

Analyzer (GE Instruments) and inorganic ion concentration was analyzed by ion-

exchange chromatography coupled with conductivity detection as described in detail 

elsewhere.140 The enrichment of saccharide relative to Na+ in SSML and foam with 

respect to seawater was calculated using equation 7.1.  

 

7.4 Results and Discussion 

7.4.1 Biological Activity of the Seawater 

The initial chl-a concentration of the seawater was 3.1 µg L-1 (day 0) indicating a 

mild phytoplankton bloom was occurring in the coastal ocean.35, 275 Addition of nutrients 

and exposure to natural sunlight triggered the growth of phytoplankton, increasing to a 

maximum chl-a level of 45.4 µg L-1 on day 2 (Figure 7.2). Natural levels of chl-a in the 

open and coastal ocean have been observed in the range of 0.03 µg L-1 to 50 µg L-1.35, 324 

Chl-a levels rapidly declined to a minimum of 0.24 µg L-1 on day 5. Potential reasons for 

this decline include nutrient deficiency, growth of heterotrophic bacteria and viruses, and 

mechanical breakdown of phytoplankton due to plunging of the MART.275, 325 After day 
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5, chl-a levels steadily increased up to 3.1 µg L-1 by the end of experiment on day 9. The 

growth of phytoplankton after day 5 was likely promoted by nutrients re-released to the 

seawater by crashing the phytoplankton bloom, a process that is commonly observed in 

the ocean.279, 325, 326 The ratio of the sum of fucose and rhamnose concentrations to the 

sum of arabinose and xylose concentrations in seawater was used as an indicator for the 

bacterial activity in the tank (Figure 7.2). Typically, ratios <1 indicate the presence of 

less-labile organic matter which is indicative of higher bacterial concentration.120, 327, 328 

In this experiment, this ratio decreased below 1 (0.69) on day 4, with a consistent 

decrease to 0.50 on day 9 indicating the sustained growth of marine bacteria after the 

phytoplankton bloom.120, 327 

  

7.4.2 Contribution of Saccharides to DOC 

The total quantified saccharide concentration (<450 nm) in seawater ranged 0.9 – 

5.1 µM and averaged 3±1 µM. These concentration levels agree well with previously 

reported saccharide concentrations in seawater.120, 329 The total saccharide concentration 

in SSML ranged 1.4 – 51 µM, averaging 18±15 µM. In foam, saccharide concentrations 

ranged 11 – 32 µM and averaged 22±7 µM. Total measured saccharides comprised a 

considerable fraction of DOC in seawater (13%), SSML (27%) and foam (31%).  

 

7.4.3 Sugar Alcohols 

Concentrations of three sugar alcohols—xylitol, arabitol and mannitol—varied 

from below method detection limits to 674±67 nM for mannitol on day 9 in SSML (Table 

S7.1). Sugar alcohol contributions to quantified total saccharides were small, contributing 
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an average of 2.1±0.8% in seawater, 2.5±1.9% in SSML and 2.4±0.5% in foam with a 

maximum contribution of 5.8% on day 9 in SSML. From this, we conclude that xylitol, 

arabitol and mannitol have minor contributions to the total saccharide pool in the ocean. 

The sugar alcohol concentration significantly increased at the latter part of the mesocosm 

suggesting a probable bacterial origin (Figure 7.3a-c).330, 331 Sugar alcohols were 

primarily (>43%) in the form of free monosaccharides (Figure 7.4a), likely due to direct 

release of free alditols by bacteria from lignocellulosic material breakdown. 332 Further, 

the relative distribution of sugar alcohols in different size fractions were rather similar in 

all the compartments indicating a non-selective transfer of sugar alcohols to the ocean 

surface (Figure 7.4a). 

 

7.4.4 Energy-related Saccharides 

Energy-related saccharides were elevated during the phytoplankton bloom, 

declined with bloom crashing and consistently increased thereafter (Figure 7.3d-e). The 

high, energy-related saccharide concentrations during the phytoplankton bloom 

progression were likely due to the synthesis of energy storage products (e.g., glucans, 

fructans) and their release to surrounding water upon cell lysis.75, 77, 279 Bacteria rapidly 

utilize these liable polysaccharides as energy substrates, leading to their sharp decline in 

concentration after bloom crashed.333 In this process, either in-situ enzymatic hydrolysis 

or extra-cellular hydrolysis by bacterial enzymes could release free monosaccharides, 

producing free glucose and fructose317  as observed on day 3 following the peak of the 

phytoplankton bloom. The steady increase of total saccharide from day 4 was probably 

related to breakdown of more stable structural saccharides (e.g., cellulose, hemicellulose) 
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by bacterial hydrolysis.278, 334 The energy-related saccharides were dominated (34 - 65%) 

by LMW fraction (Figure 7.4b) and a prominent variation of saccharide distribution 

across different compartments was not observed. However, colloidal fraction 

considerably increased (27 – 36%) in SSML and foam probably due to enrichment of 

cellular materials at air-water interface.       

 

7.4.5 Structure-related Saccharides 

Concentrations of structure-related saccharides differed from the previously 

discussed energy-related saccharides in that they were not elevated during the 

phytoplankton bloom and instead steadily increased throughout the experiment (Figure 

7.3f-k).  This is likely due to gradual bacterial degradation of more stable cellular 

materials, such as marine POC or high molecular weight DOC.278, 281, 301, 317, 333 The 

saccharide composition in the ocean was observed to shift towards stable polysaccharides 

at the end of a mesocosm as a result of preferential bacterial uptake of low molecular 

weight algal exopolymers during the initial stage, followed by feeding on less labile 

components.335, 336 In this process bacteria reduce detrital organic matter to soluble foams 

and convert algal exopolysaccharides to bacterial polysaccharides as evident by elevated 

levels of structural and bacterial-related saccharides at the end of the experiment.77 

Galactose has some characteristics of energy-related saccharides such as elevated 

concentrations during phytoplankton bloom and release of free galactose monosaccharide 

after bloom crashing. This is probably due to use of galactan, the polysaccharide form of 

galactose as an energy storage material by some phytoplankton species.280, 299 Ribose also 

showed a distinct variation pattern over the experiment (Figure 7.3l) relative to other 
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structure-related saccharides. The lysis of phytoplankton nucleotides during the 

phytoplankton bloom and the lysis of bacterium nucleotides at the latter part of the bloom 

is likely the source of ribose oligo/polysaccharides.323, 337 Unlike sugar alcohols and 

energy-related saccharides structure-related saccharides showed a distinct distribution 

pattern in different compartments. The LMW fraction dominated (44 – 59%) the seawater 

saccharide pool while HMW fraction dominated the SSML and foam (45 – 88%) 

saccharide pool (Figure 7.4c). This is attributed to selective transfer of higher molecular 

weight oligo/polysaccharides towards ocean surface likely due to scavenging on rising 

bubbles due their high surface activity and coagulate at sea surface to form higher 

molecular weight saccharides. Further, smaller surface active oligo/polysaccharides can 

coagulate to form higher molecular weight polysaccharides and those could rise to the 

ocean surface due to positive buoyancy.323, 338  

   

7.4.6 Enrichment of Saccharides in Foam and SSML over Seawater 

Total saccharides (<450 nm) were significantly enriched (p<0.05) in SSML and 

foam with individual median EFs ranging from 1.7-6.4 and 2.1-12, respectively (Figure 

7.5). This enrichment provides evidence for scavenging the saccharides on bubble 

surfaces and their accumulation at ocean surface where SSA is generated. Median EF for 

xylitol, mannitol, glucose, galactose, mannose, xylose, fucose, rhamnose and ribose 

demonstrated greater enrichment in foam compared to SSML. The relatively higher EFs 

in foam layer provide the first quantitative evidence of further enrichment of saccharides 

on bubble films compared to SSML. This is attributed to thinning the bubble film by 

draining the seawater constituents keeping the surface active materials on the bubble 
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film.64, 77, 81, 257 This phenomenon could lead further enrichment on the bubble film with 

bubble ageing and could result an extremely enriched bubble film at the time of bursting 

generating highly organic enriched SSA.  

The enrichment process was dynamic with the greatest EF occurring on days 2-4 

with peak chl-a levels (Figure 7.6) indicating higher accumulation of saccharides in 

SSML and foam during the active bloom period. This observation demonstrates that the 

saccharide enrichment at ocean surface is influenced by biological activity of the 

seawater.  

The size of the saccharide played a significant role in enrichment process. Low 

molecular weight oligo/polysaccharides were the major enriched species for sugar 

alcohols (Figure 7.7a-b) and showed 2-15 times greater EFs than their EFs for total 

dissolved (<450 nm) saccharides. The enrichment of energy-related saccharides was 

dominated by colloidal polysaccharides (Figure 7.7c-d). This is likely due to bulky 

glucan and fructan polysaccharides which are found to be effectively transported to the 

ocean surface by scavenging on bubble surfaces.271, 330, 339 Further, these bulky colloids 

could easily drain back to the SSML during the bubble ageing, thus, higher EFs could 

observe in SSML than foam (Figure 7.6d-e). High molecular weight saccharides 

dominated the enrichment of structure-related saccharides (Figure 7.7e-f) showing 2-4 

times higher enrichment than total dissolved saccharides. This enrichment was more 

prominent in foam than SSML. This is likely due to higher surface activity of these 

saccharides than other saccharide types. Interestingly, low molecular weight 

oligo/polysaccharides were depleted in both SSML and foam for structure-related 

saccharides. This indicates that low molecular weight oligo/polysaccharides are 
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effectively transformed to high molecular weight polysaccharides at the ocean surface. 

The actual reason for this transformation is not known; possibly it may due to higher 

photo-chemical reaction rates at air-water interface due to high light intensity and oxygen 

supply.  

Interestingly, free monosaccharide fraction of glucose, galactose, fructose, xylitol, 

arabitol and mannitol were significantly enriched in SSML and foam with EFs ranging 

from 3-18 despite their complete solubility in water. This suggest a preferential 

movement of these water soluble saccharides towards the ocean surface and provide 

experimental evidences to support the theoretical concept of the model OCEANFILM-2 

that describes co-adsorption of water soluble saccharides on organic surfactants and their 

enrichment at air-water interface.340 In addition, the enrichment of free monosaccharides 

at the ocean surface may also result from, active movements of bacteria towards surface 

active oligo/polysaccharides that are enriched and resides at ocean surface and faster 

enzymatic hydrolysis rates at the air-water interface due to favorable conditions (e.g. 

higher temperature and dissolved oxygen).75, 317 

 

7.5 Conclusions 

Here we provide the first quantitative enrichment of saccharides on bubble film 

surfaces where SSA is actually generated. We observed higher saccharide enrichment in 

foam layer than SSML and further ageing of bubbles could result an extremely organic 

enriched SSA. Structure-related saccharides coagulate to form higher molecular weight 

saccharides are selectively enriched in ocean surface. Thus, structure-related saccharides 

are expected to be selectively transfer to larger SSA and unlikely to find in sub-micron 
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size particles. The quantitative results obtained from this study support the theoretical 

concept of free monosaccharide enrichment in ocean surface258, 340 and field observations 

of different saccharide transfer pathways to fine and coarse SSA.28  

 

7.6 Supporting Information 

Table S7.1: Concentration of saccharides in different size fractions. 
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Figure 7.1: a) A picture showing the marine aerosol reference tank (MART) used for the 
experiment and b) a picture showing the whitecap foam generated on the 
water surface.   

 

 

   

a) 

b) 
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Figure 7.2: Chlorophyll-a concentration and ratio of fucose and rhamnose to arabinose 
and xylose concentrations in seawater. Chlorophyll-a concentration peaked 
on day 2 and came to a minimum on day 5. Saccharide ratio decreased below 
1 from day 4 indicating higher bacterial activity from day 4-9. 
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Figure 7.3: Variation of sugar alcohol (a-c), energy-related saccharide (d-e) and 
structure-related saccharide (f-l) concentrations during the mesocosm 
experiment. 
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Figure 7.4: Relative composition of sugar alcohols (a), energy-related saccharides (b) 
and structure-related saccharides (c) in different size fractions. 
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Figure 7.5: Boxplot graphs showing (a) EF of total saccharides (<450 nm) in SSML 
(n=9) and foam (n=7). (The two end caps indicate the data range, box 
indicate the first quartile, median and third quartile, respectively). All the 
carbohydrates were significantly enriched in SSML and foam.  
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Figure 7.6: Daily variation of total saccharide (<450 nm) enrichment factors. 
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Figure 7.7: Enrichment of different saccharide fractions of (a-b) xylitol, (c-d) glucose 
and (e-f) fucose in SSML and foam. Error bars represent propagated 
analytical uncertainty. 
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CHAPTER EIGHT 

CONCLUSIONS AND FUTURE DIRECTIONS 

8.1  Conclusions 

The focus of the research presented in this dissertation is chemical 

characterization of atmospheric aerosols. Atmospheric aerosols impact the Earths’ 

radiative balance, climate, biogeochemical cycles and human health.2 Biomass burning 

and sea spray aerosols are two of the most important natural sources of primary 

atmospheric aerosols with significant influence on aerosol properties. Although it is 

widely accepted that the role of the biomass burning and sea spray aerosols in 

atmospheric chemistry and climate is crucial, the chemical composition and total 

atmospheric flux is not fully understood yet.26, 60, 341 Therefore, the research projects 

reported in this thesis were designed to improve the understanding of the chemical 

composition of biomass burning and sea spray aerosols, and to compute more 

representative emission factors for biomass burning emissions. 

Biomass burning is the main source of primary fine carbonaceous particles in the 

atmosphere as well the second largest source of trace gases.93 Despite its large role in 

atmospheric chemistry, many important unknowns limit our understanding of smoke 

impacts on the environment and human health. A number of studies indicate that large 

amounts of unidentified, gases and particles are present in biomass smoke and those are  

vary by fuel type and with burning conditions.93 To fill this gap, aerosol samples were 

collected during the FLAME-4 field campaign (2012) in order to investigate the chemical 

composition of aerosols emitted by different biomass types under different burning 

conditions. Fuel-based emission factors (mass of pollutant per kilogram fuel burned) of 
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organic and inorganic species in biomass smoke were calculated to build-up emission 

profiles for different fuel types. Chapter 3 presented the chemical composition and EFs of 

the PM2.5 emitted from biomass combustion, representing five different fuel categories 

including conifers, agricultural residues, grasses and other perennials, peat and 

cookstoves. The EFs were computed for PM2.5 mass, OC, EC, WSOC, water-soluble 

inorganic ions, metals and organic species using various analytical techniques. Generally, 

EFs varied with fuel type and the geographic location where it was harvested, burning 

condition (stack vs room) and MCE indicating the influence of those factors on PM 

emissions. Our measurements spanned a variety of fuel types collected from different 

geographical locations and a large range of MCEs. These chemical profiles have 

provided better parameterizations of direct radiative forcing by using EC and OC to 

estimate single-scattering albedo (SA) and absorption Ångström exponent (AAE).342  86, 

89, 102   

Emissions of fine particle water-soluble fluoride (F-) from biomass burning were 

evaluated and research findings were discussed in Chapter 4.  When F- was quantified, it 

accounted for an average (± standard error) of 0.13 ± 0.02 % of PM2.5. Based on recent 

evaluations of global biomass burning, we estimate that biomass burning releases 76 Gg 

F- yr-1
 to the atmosphere, with lower and upper bounds of 40 – 150 Gg F- yr-1. The 

estimated F- flux from biomass burning is comparable to total fluorine emissions from 

coal combustion plus other anthropogenic sources (Figure 8.1). These data demonstrate 

the biomass burning represents a major source of fluorine to the atmosphere in the form 

of fine particles, which have potential to undergo long-range transport.  
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Chapter 5 focused on the chemical characterization of PM2.5 collected from 

authentic in-situ peat smoke during the 2015 El Niño peat fire episode in Central 

Kalimantan, Indonesia. Overall, chemical speciation revealed the following 

characteristics of peat burning emissions: high OC mass fractions (72 %), very low EC 

mass fractions (1 %), vanillic to syringic acid ratios of 1.9 (compared to other biomass 

burning emissions that are <1), relatively high n-alkane contributions to OC (6.2 %). 

These characteristics distinguish peat burning aerosols from other combustion emissions. 

The EFs were converted to emission estimates using burned area, burn depth and peat 

bulk density, and it was estimated that 3.2 - 11 Tg of PM2.5 emitted to atmosphere during 

2015 El Niño peat fires. Combined with gas-phase measurements of CO2, CO, CH4 and 

VOC from Stockwell et al. (2016), it is determined that OC and EC comprise to 2.1 % 

and 0.04 % of total carbon emissions, respectively. This is the first comprehensive in-situ 

field measurement of peat fire PM emissions that are expected to provide better 

representation of peatland fires. 

The EFs reported herein can be integrated with databases that provide estimates of 

global biomass consumption to produce total global biomass burning emission estimates 

using atmospheric models. The first comprehensive global emission inventories were 

published by Andreae and Merlet in 2001 compiling all the EF data available at that time. 

They categorized biomass burning into 6 different categories; savanna and grassland, 

tropical forest, extratropical forest, biofuel, charcoal and agricultural residues and was 

primarily focused on gaseous emissions. The next effort of updating the emission 

inventories was led by Akagi et al. in 2011 using the EFs computed until 2010. Akagi et 

al. added biomass burning categories for peatland fires, chaparral burning, cooking fires, 
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dung burning and garbage burning in addition to previous, and included more gas and 

particle phase species relative to Andreae and Merlet (2001). New data presented in this 

thesis will improve the representativeness of EF used in regional and global emissions 

inventories, particularly for peatland fire emissions as currently used EFs for peat fires 

based on a lab study of a single sample. Further, we showed that certain biomass species, 

especially peat and ocote produce high amounts of PAHs than other fuels. Thus, people 

who live near the peat burning sites and who regularly use these types of firewood face 

significant health risks.  

The second half of this thesis focused on aerosols generated from ocean wave 

breaking. The ocean represents a major source of primary aerosol emissions, emitting an 

estimated 2-100 × 1015 g of sea spray aerosol (SSA) per year.58, 61, 254, 255 256 Traditionally, 

SSA was thought to be completely salt. But recent research findings discovered that SSA 

is a complex mixture of both organics and inorganics, and organic fraction can dominate 

the aerosol mass fraction in ultrafine particles.22 Carbohydrates (a.k.a. saccharides) are 

omnipresent in seawater and due to the surface active nature of polysaccharides, they 

have been identified as a class of organic matter that is likely enriched at the air-water 

interface and sea spray aerosol.60 The mechanism proposed for this enrichment is the 

scavenging by rising bubbles and the rise of organic colloids through positive buoyancy, 

leading to the accumulation of organic matter at SSML where SSA is formed.81 However, 

quantitative data for carbohydrate composition or its enrichment at air-water interface 

and SSA were previously not available. In Chapter 6, we have shown that saccharides 

comprise a significant fraction of organic matter in fine and coarse SSA (11% and 27%, 

respectively), with oligo/polysaccharides the major form of saccharides. Relative to 
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sodium, individual saccharides were enriched 14-1314 times in fine SSA, 3-138 times in 

coarse SSA, but only up to 1.0-16.2 times in SSML. Enrichments in SSML were 

attributed to rising bubbles that scavenge surface-active species from seawater, while 

further enrichment into SSA likely derives from bubble films. Fine SSA particles 

exhibited the greatest EF and were generated in part by film drops by the bursting of 

bubble caps that are enriched in highly-surface active organic matter (Figure 8.2). Coarse 

SSA largely generated by jet drops incorporate less-enriched portions of the SSML, 

giving rise to EF values less than fine SSA, but greater than SSML. Thus, bubble film 

plays a significant role in the enrichment process. To the best of our knowledge, 

enrichments of organic matter have not been quantitatively evaluated previously for 

persistent bubble films or sea foam. Chapter 7 provides the first quantitative enrichment 

of saccharides on bubble film surfaces and we showed higher saccharide enrichment in 

foam layer than SSML confirming the high enrichment of saccharides that formed via 

rupturing the bubble film. Further, ultra-filtration of saccharides to different size fractions 

showed that structure-related saccharides (e.g. galactose, fucose, rhamnose, arabinose, 

xylose) tend to coagulate and form higher molecular weight saccharides, and are 

selectively transferred to ocean surface. Most likely divalent cations facilitate this 

coagulation process acting as binding agents as evident by higher concentration of Ca2+, 

Mg2+ in SSML and foam than seawater. The quantitative results obtained from this study 

support the theoretical concepts of saccharide transfer via ocean-air interface and to 

interpret the field observations of organic matter enrichment in SSA. 

Our sea spray aerosol studies showed that organic matter, saccharides and 

inorganic ions are selectively enriched in SSA. Further, higher enrichments were 
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observed during phytoplankton bloom periods indicating the influence of ocean biology 

in this selective transfer. Therefore, the composition of SSA is dynamic and should not 

assume to be the same as seawater. Thus, complex parameterizations based on actual 

chemical composition of SSA, considering the effects of enrichment should be 

incorporated in future atmospheric and climate model estimations. Further, these 

improved chemical profiles of SSA should use to inform laboratory proxies to assess 

SSA physical properties such as hygroscopicity, CCN and IN activity. 

It has been shown that 45 % of the variance of aerosol radiative forcing arises 

from uncertainties in natural emissions mainly from volcanic SO2, marine DMS, biogenic 

VOCs, biomass burning and seaspray.343 My graduate work was focused on two of these 

sources, and my research findings enhanced the current knowledge in chemical 

composition of biomass burning and sea spray aerosols. The use of new chemical profiles 

in atmospheric, climate and source apportionment models will reduce the associated 

uncertainties and will facilitate towards more accurate model predictions. 

       

8.2 Future Directions 

The research findings presented in this dissertation, opens-up new avenues to 

continue future work to improve further understanding of biomass burning emissions. 

The computed EFs and emission profiles in these studies correspond to fresh biomass 

burning PM that was sampled few meters away from the emission source. The PM was 

always collected after smoke was cooled to ambient temperature, to allow for gas-particle 

partitioning to be equilibrate. However, the PM resident time in ambient air is only 

seconds to minutes by the time of collection. Thus, biomass burning PM was neither 
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diluted nor exposed enough to sunlight, other atmospheric aerosols (e.g. mineral dust) 

and gasses. Chamber experiments have shown that EFPM2.5 could be reduced >50 % at 

×100 dilution for wood smoke. This reduction was primarily due to changes in 

partitioning of semivolatile organic compounds, which at undiluted conditions 

semivolatile species largely occur in the particle phase while under diluted conditions 

semivolatile species shifts towards the gas phase in order to maintain phase 

equilibrium.344 In contrast, gas phase and semivolatile species in the smoke can undergo 

photochemical reactions by varies oxidants in the atmosphere such as hydroxyl, ozone 

and nitrate increasing their ability to partition in to particle phase. Further, smoke can 

also condense on to existing atmospheric particles such as mineral dust increasing the 

particle concentration in the emission plume.345 Thus, atmospheric dilution can decrease 

the EFPM2.5 while atmospheric residence time can increase the EFPM2.5. Since PM 

sampling techniques involved in our experiments were stationary, the described changes 

that take place over the spatial and temporal scales were not accounted in EF 

calculations. Therefore, understanding this gap will further reduce the uncertainties 

associated with EFPM2.5. To this end several PM samples should be simultaneously 

collected at regular distances (e.g. 2 m, 10 m, 100 m, 1 km, 10 km) from the downwind 

of the emission source. Filter loading may be an issue due to dilution, and high volume 

samplers can be used to overcome this issue. Using an air craft to sample along the flow 

path of the smoke is another option to collect samples. As CO concentration is relatively 

constant in ambient air, it can use as a reference species to assess the atmospheric 

dilution. As we have capabilities to quantify ~150 gas and particle phase species we can 

evaluate the relative concentration of the same species in different samples. The 
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concentrations can convert to EFs following the mass balance approach. The EFs 

computed for different samples could be compared to understand their changes due to 

increased dilution and atmospheric residence time. Possibly a mathematical relationship 

could be developed to use as a correction for atmospheric dilution and secondary 

processing to minimize those effects on EF calculations. 

The next step in understanding the transfer of saccharides to SSA is to evaluate its 

phase state. Our research to date suggests that energy-related saccharides are efficiently 

transferred to fine SSA and structure-related saccharides in to coarse SSA. The different 

saccharide profiles of fine and coarse SSA are expected to result from the exclusion of 

particulate organic matter associated structure-related saccharides from SSA particles that 

are relatively smaller in size. Particulate organic matter is heavier than dissolved organic 

matter, and likely drains from the bubble surface prior to bursting. Thus, POM hardly 

transfer to film drops that generate via rupturing the upper bubble cap.28 However, further 

studies are needed to fully understand the transfer of different saccharide types in to 

different size fractions of SSA. In this purpose SSA samples should be collected into 

different size fractions using a cascade impactor during a mesocosm experiment. Along 

with SSA, bulk seawater, SSML and foam samples should be collected. The liquid 

samples and SSA extracts then should be filtered using an ultra-filtration setup as a 

means of fractioning dissolved, colloidal, and particulate species with size cuts of 0.7 µm, 

0.45 µm, 0.1 µm, 100 KDa, and 3 KDa (Table 8.1).76, 114 Then the each fraction should be 

hydrolyzed and analyze for saccharides. The saccharide profile of different SSA sizes 

then could be compared with the saccharide composition of different organic matter 

classes in order to accurately understand the saccharide transfer pathways via ocean-air 



196 
 

interface. This will provide the insights of organic matter composition in different size 

fractions of SSA. Similarly, different organic compounds have different physical 

properties such as surface activity. Therefore, the physical characteristics of the organic 

molecules can be taken into account to understand the hygroscopicity, cloud 

condensation and ice nucleation properties of individual SSA particles. 

Enzymes play a significant role in cleaving large organic matter (e.g. 

lipopolysaccharides) in to smaller organic compounds.76 Thus, effect of enzymes in 

saccharide enrichment should be assessed using laboratory model studies. For this 

purpose, larger organic molecules like LPS, dextrin, pectin and alginic acid should be 

spiked in to artificial seawater with a smaller amount of their cleaving enzymes (lipase, 

amylase and protease). Aerosols should be generated by artificial aerosol generation 

techniques at regular intervals and sampled SSA should be analyzed along with bulk 

seawater for saccharides to examine the effects of enzyme activity on saccharide transfer. 

This will further enhance our current knowledge in the effects of microbial loop in the 

transfer of organic species to SSA from seawater.         
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Figure 8.1: Particulate fluoride emission from biomass burning. 
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Figure 8.2: Enrichment of saccharides in SSA.  
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  Table 8.1: Ultrafiltration filter cut sizes and corresponding classes of organic matter. 

  

 

 

 

 

 

 

 

 

 

  

Filter Cut 
size 

Organic matter 
category 

Examples 

No filtering particulate, colloidal, 
dissolved 

Micro-organism (e.g. diatoms, bacteria), 
structural materials (e.g. cell wall), POM, TEP 
and all the organic compounds/classes listed 
below 

0.7  µm particulate, colloidal, 
dissolved 

Nano & micro-hydrogels, organic aggregates, 
POM, DOM  and all the organic 
compounds/classes listed below   

0.45  µm particulate, colloidal, 
dissolved 

Nano & micro-hydrogels, organic aggregates, 
POM, DOM  and all the organic 
compounds/classes listed below   

0.1  µm colloidal, dissolved DOM, gelation & annealing compounds  and all 
the organic compounds/classes listed below   

100 KDa dissolved Free fibrils,  high molecular weight organic 
compounds  and all the organic 
compounds/classes listed below 

3 KDa solutes Free polymers, low molecular weight organic 
compounds 
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