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ABSTRACT 

Characterization of Sugars in Fine Particles 

- Biomass Burning and Soil Organic Matter as Two Major Sources 

by 

Yuling Jia 

Fine particulate matter samples were collected at two rural sites and one urban 

site in Texas from November 2005 to July 2006 for quantification of sugars. Several 

extraction methods were applied to optimize sugar recovery, and the combination of 

dichloromethane and methanol was found to extract sugars with greater efficiency 

than other solvent suites. 

Concentrations of total fine particle sugars ranged from 22 to 164 ng/m , with 

levoglucosan, glucose, mannitol, arabitol and glycerol measured at the largest 

concentrations at all sites. The presence of sugars in fine particle samples can be tied 

to both biomass burning and soil organic matter. Smaller influence of reintrainment of 

local soils to the atmosphere was found at the urban site than at the rural sites. Several 

sugar compounds were proposed as potential molecular markers for soil organic 

matter input into the atmosphere. 
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CHAPTER 1 

1. Introduction 

1.1 Overview 

Air pollution has been a problem in human history since the emerging of 

industrialization. It is well acknowledged that air pollution causes adverse effects on 

human health, plants and vegetation, urban infrastructure and visibility. A wide array 

of air pollutants have been responsible for poor air quality including carbon monoxide 

(CO), sulfur dioxide (SO2), volatile organic compounds (VOCs), lead, mercury, and 

particulate matter (PM). Based on their effects on human health, six criteria air 

pollutants are regulated by the National Ambient Air Quality Standards (NAAQS) 

established by the US EPA. Of these criteria air pollutants, particulate matter is one of 

the two pollutants that pose the greatest threat to human health in the United States 

(U.S. EPA). 

In particular, fine particulate matter (PM) with diameter less than 2.5 um, 

often labeled as PM2.5, is the most important class of atmospheric particulate matter, 

as particles of this size can be inhaled and penetrate into the respiratory system, and 

directly impact health. Sources of fine particles are numerous, and include fuel 

combustion, industrial processes, motor vehicle emissions, biomass burning, and 

agricultural tilling. According to the 1999 National Emission Inventory (US EPA, 

2001), emissions from agricultural sources and forest fires of PM2.5 totaled 0.95 and 
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0.33 million tons per year, compared to the emissions of 0.13 million tons from fuel 

combustion for electric utility and 0.23 million tons from all on-road vehicles (Table 

1). 

Table 1. Summary of 1999 National Emission Inventory by major source category 
(US EPA, 2001) 

Source 
Fuel Combustion for Electric Utility 
On-road Vehicles 
Agricultural & Forestry 
Agricultural Fires & Forest Wildfires 

PM2.5 (millions of tons per year) 
0.13 
0.23 
0.95 
0.33 

Although the overall magnitude of agricultural sources and forest fires exceeds 

emissions from fuel combustion and on-road vehicles, more research has focused on 

methods to quantify the contribution of the latter. Partly, this is because the chemical 

composition of fuel combustion particles and vehicle emissions has a possibly greater 

impact on human health because of carcinogenic or other effects (National Research 

Council, 1998). Also most of the agricultural sources and forest fires occur in rural 

areas where population densities are low and in regions that do not violate the 

National Ambient Air Quality Standards. However, there is a need to quantify the 

contribution of agricultural sources and forest fires to fine particulate matter levels 

considering their large emission magnitude and the potential for regional transport. 

Characterization of this source category will also help to complete the emission 

inventory of PM2.5 on a regional basis, and aide in the development of new air quality 

improvement plans. 
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In order to estimate the contribution of agricultural sources and forest fires to 

fine particles, molecular markers need to be developed that are representative of 

different source emissions. Sugars (mono- and disaccharides) have been proposed as 

one of the primary markers for biogenic sources observed in aerosol samples (Graham 

et al., 2002; Simoneit, 1999; Simoneit et al, 1999). Their presence in ambient PM 

represents the contribution of agricultural sources and forest fires through soil 

resuspension and biomass burning (Rogge et al., 1993; Simoneit et al., 1993; Simoneit 

et al., 2004a-b). As a major form of photosynthesized carbon in the ecosystem, sugars 

were proposed to be potentially useful in understanding sources, processes and 

transport of biologically important organic materials in natural environment 

(Medeiros et al., 2006; Medeiros and Simoneit, 2007). The analysis of sugar contents 

in fine particles is important for aerosol source apportionment (Schauer et al., 1996) 

and for the understanding of the source impacts (biomass burning, soil resuspension) 

on local and regional air quality. 

1.2 Research Objectives 

The focus of this work is on the identification and quantification of mono and 

poly saccharides in fine particulate matter. The concentrations of ten sugar and sugar 

polyols have been determined from aerosol samples collected at two rural sites and 

one urban site in Texas between November 2006 and July 2007 during the second 

Texas Air Quality Study (TexAQSII). A number of soil samples were also taken at the 
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two rural sites to help understand one potential source of aerosol sugars. The 

objectives of the study were: 

1. to determine the concentration of different sugar compounds, including both 

monosaccharides and disaccharides, in fine particulate matter and local soil 

samples; 

2. to compare various analytical methods currently used for polar organic 

compounds extraction; 

3. to assess the seasonal variation of sugar contents in fine particulate matter and 

4. to elucidate the source contributions to this seasonality. 

1.3 Organization of Thesis 

The first chapter of the thesis explains the purpose of this work. Chapter 2 

gives background information on prior research related to the research topic in 

existing literatures, including a background introduction to PM2.5, sugars, analytical 

methods and statistical tools. Chapter 3 discusses the experimental methods that have 

been used in this study, which include sample collection, sample extraction and 

derivatization, and sample analysis. Chapter 4 presents results on the comparison of 

two extraction methods, seasonal trends, and correlation analysis of sugar contents in 

fine particles. Sugar analysis of representative soil samples was also given in this 

chapter as this relates to understanding the source of aerosol sugars. Chapter 5 

summarizes the findings of this work and discusses future work that could be done on 
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this research to expand the current knowledge. 
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CHAPTER 2 

2. Background and Literature Review 

2.1 Particulate Matter 

Particulate matter (PM), also known as atmospheric particles or aerosols, 

refers to a complex mixture of solid material and liquid droplets suspended in the air. 

They are either emitted directly from a source as primary particles, or formed through 

in-situ reactions from the gas phase as secondary particles (Seinfeld and Pandis, 1998). 

The size of particulate matter ranges from a few nanometers to tens of micrometers. 

As a result of different production mechanisms, the size distribution of the particulate 

matter is characterized by three major modes as shown in Figure 1. The volume or 

mass distribution is dominated in most cases by two modes: the accumulation mode 

(from around 0.1 to around 2 um) and the coarse mode (from around 2 to around 50 

um) (U.S. EPA, 2004). Accumulation-mode particles result from primary emissions, 

condensation of secondary material from the gas phase, and coagulation of smaller 

particles. Particles in the coarse mode are usually produced by mechanical processes 

such as wind erosion and include soil, dusts, sea spray and pollen. Most of the 

material in the coarse mode is primary (NARSTO, 2004). 
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Figure 1. The three ranges for atmospheric particles and the processes leading to their 
formation (Whitby and Cantrell, 1976). 

2.2 PM25 

2.2.1 Definition and Health Effects 

The size of particles is not only reflective of the source, but also directly 

associated with the potential for causing health problems. Particles with a diameter 

less than 2.5 urn, often known as PM2.5 or fine particles, tend to pose the greatest 

health concern because they can be inhaled into and accumulate in the human 

respiratory system (National Research Council., 1998). Fine particle pollution is 

especially harmful to people with existing lung disease such as asthma and chronic 

obstructive pulmonary disease (COPD) (Zanobetti et al., 2000). 

Increased concentrations of fine particles have been associated in many studies 

with health problems including aggravated asthma, reduced lung function and lung 
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cancer, cardiovascular problems, and premature death. For example, Peters et al. 

(2001) report that acute exposures of one hour duration to elevated fine particle 

concentration were linked to irregular heart rhythms and heart attacks in people with 

heart disease. Many long-term epidemiological studies have also demonstrated that 

people living in areas with high fine particle concentrations have an increased risk of 

premature death compared to those in cities with lower fine PM levels (Krewski, et al., 

2000). Pope et al. (2002) found the risk of dying early from cardio-respiratory 

diseases and lung cancer is higher in more polluted areas, and several studies have 

found the risk of mortality to increase almost linearly with PM concentrations 

(Schwartz, 1994; Dockery and Pope, 1994). In a mortality study conducted by 

Schwartz et al. (1996) in Amsterdam, an increase of 10 (xg/m in the 48-hr mean PM2.5 

concentrations resulted in an increase of daily mortality by 1.5%. It has also been 

reported that adverse health effects of fine particles can be aggravated in sensitive 

groups such as elderly people, children, people with existing heart and lung disease, 

and pregnant women (Bates, 1995; Goldberg et al., 1997; Woodruff et al., 1997; Pope, 

2000). 

2.2.2 Regulation 

Because of the impact on human health, PM2.5 has been regulated by the Clean 

Air Act as a criteria air pollutant. In July 1997, U.S. EPA promulgated the National 

Ambient Air Quality Standards for PM2.5 with an annual average standard of 15 |xg/m3 

and a 24-hr standard of 65 |ag/m3. As a result of mounting evidence of the short-term 
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health effects of PM2,5, EPA recently revised national air quality standards for PM2.5 in 

September 2006, in which the 24-hr average standard was lowered to 35 |ag/m . 

Areas where fine particle concentrations exceed the National Ambient Air 

Quality Standards (NAAQS) are designated as "nonattainment areas". States must 

develop "State Implementation Plans" with enforceable strategies for these 

nonattainment areas to reduce air pollution in order to attain the health-based 

standards (U.S. EPA, 2004). 

2.2.3 Organic Carbonaceous Portion of PM25 

PM2.5 is a complex mixture of various chemical compounds, and the chemical 

composition of particles provides information on their origin (NARSTO, 2004). 

Composition of PM2.5 varies in different locations, but the most abundant and 

commonly measured components of PM2.5 mass are organic carbon (OC), elemental 

carbon (EC) or black carbon (BC), sulfate, nitrate and ammonia (NARSTO, 2004). 

Figure 2 shows an example of the chemical compositions of fine particles collected in 

Southern California (Rogge et al., 1993d). 



100% 
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Figure 2. Composition of PM2.5 and speciation of the organic portion in aerosols in 
Southern California (Adapted from Rogge et al., 1993d). 

As shown in Figure 2, organic carbon makes up a large fraction of PM2.5, 

typically ranging from -10% in the rural atmosphere to -30% in the urban 

environment (Seinfeld and Pandis, 1998). It also contains hundreds to thousands of 

individual organic species. Compounds that have been identified in the ambient fine 

particles include n-alkanes, n-alkanoic acids, n-alkanals, aliphatic dicarboxylic acids, 

diterpenoid acids and retene, aromatic polycarboxylic acids, polycyclic aromatic 

hydrocarbons, polycyclic aromatic ketones and quinones, steroids, N-containing 

compounds, regular steranes, pentacyclic triterpanes, and iso- and anteiso-alkanes 

(Mazurek et al., 1989; Hildemann et al., 1993; Rogge et al., 1993a-c). 
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2.2.3.1 Study Interest and Health Effect 

The organic carbonaceous portion of fine particles has been intensely studied 

during the past ten to twenty years (Rogge et al., 1993a-c; Fraser et al., 1998; Notle et 

al., 1999, 2001; Elias et al., 1999; Simoneit et al., 1999; Fine et al., 2002; Simoneit et 

al., 2004a-c). One reason for the study of particulate organic matter is the possibility 

that such compounds pose a health hazard (Seinfeld and Pandis, 1998). Organic 

compounds accumulate mainly in the submicrometer aerosol size range (McMurry 

and Zhang, 1989), and this portion of particles is considered to be a significant human 

health concern because of the ability of these particles to penetrate deeply into the 

respiratory system (Oberdorster and Utell, 2002). Also, certain fractions of particulate 

organic matter, especially those containing polycyclic aromatic hydrocarbons (PAHs), 

have been shown to be carcinogenic in animals and mutagenic in in vitro bioassays 

(Seinfeld and Pandis, 1998). 

2.2.3.2 Sources and Markers 

Sources of organic carbon in fine particles can be both natural and manmade. 

Natural sources include biogenic detritus (plant wax, microbes, pollens, etc), soil 

organic matter and naturally occurring forest and wildfires. Manmade sources come 

mainly from fossil-fuel combustion, burning of wood and other vegetation, cooking, 

and the oxidation of some VOCs that condenses or partition onto existing particles 

(Medeiros et al, 2006a; NARSTO, 2004). 

Various organic tracers or markers in atmospheric fine particles have been 
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identified and studied to characterize their sources, formation and alteration via 

transport. Table 2 summarizes major sources of organic carbon in fine particles and 

their key markers. 

Table 2. Major sources of organic carbon in fine particles and their tracer compounds. 

Source Key Markers Reference 
Biomass burning 

Motor vehicles 

Meat cooking 

Road dust 

Vegetative detritus 

Soil organic matter 

Monosaccharide derivatives 
Methoxyphenols 
Diterpenoids 
Triterpenoids 
Phytosterols 
Sterols 

Steranes 
Pentacyclic triterpanes (hopanes) 
Isoprenoids 
Tricyclic terpanes 

Cholesterol 
n-tetradecanoic acid 
n-hexanoic acid 
n-octadecanoic acid 
cis-9-octadecenoic acid 
Nonanal 
2-Decanone 

n-alkanes (C25-C33, odd) 

n-alkanes (C27-C33, odd) 
n-alkanoic acids (C20-C32) 

Sugars 

Simoneit (2002) 

Roggeetal. (1993a) 
Schaueretal. (1996) 
Schauer et al. (2002) 

Roggeetal. (1991) 

Roggeetal. (1993a-b) 

Roggeetal. (1993c) 

Simoneit et al. (2004a) 

2.3 Sugars in Aerosols 

Sugars or saccharides are major structural and storage compounds in both 

terrestrial and marine organisms, and they represent the major form of 

photosynthetically assimilated carbon in nature (Cowie and Hedges, 1984). 

Significant amounts of sugars have been reported to be present in urban, rural, and 
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marine aerosols worldwide (Simoneit et al., 1999; Simoneit and Elias, 2000; Nolte et 

al., 2001; Graham et al., 2002; Zdrahal et al, 2002; Simoneit et al., 2004a-c). Sugar 

polyols (reduced sugars) were also found in aerosol at various locales (Graham et al., 

2002, 2003). 

2.3.1 Significance 

Sugars comprise 13-26% of the total compound mass (TCM) identified in 

continental aerosols and have even higher percentages over the ocean (up to 63%) 

(Simoneit et al., 2004b). Sugars (mono- and disaccharides) have been proposed as one 

of the primary biogenic markers observed in aerosol samples (Graham et al., 2002; 

Simoneit, 1999; Simoneit et al., 1999). They represent the contribution of 

carbohydrates in the ecosystem to the atmospheric compartment through either 

biomass burning (Simoneit et al., 1993), soil resuspension (Simoneit et al., 2004a-b), 

sea spray (Mopper et al, 1980), or leaf surface abrasion by wind (Rogge et al., 1993a). 

Also, sugars and sugar polyols have been recognized as an important 

component of the water-soluble organic compounds (WSOCs) within aerosols 

(Saxena and Hildemann, 1996). The water-soluble organic matter documented for 

aerosol particles consists of short-chain dicarboxylic acids, anhydrosaccharides, 

saccharides, and secondary oxidation products such as methoxyphenolics and 

aromatic acids (Kawamura and Usukura, 1993; Kawamura and Sakaguchi, 1999; 

Simoneit, et al., 2004a). Previous studies have focused on the chemical 

characterization of the non-polar fraction of the OC in fine particles (Mazurek et al., 
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1987; Rogge et al., 1993b; Zheng et al., 2002), which only accounted for 10-30% of 

the total OC mass (Rogge et al., 1993b; Schauer et al., 1996; Simoneit et al, 2004b). 

Recently, WSOCs have gained much study interests because they are found to 

contribute significantly to OC, especially in rural and remote atmospheres (Mader et 

al., 2004). WSOCs generally account for a percentage of total aerosol carbon ranging 

from ~ 20 to 70% (Saxena and Hildemann, 1996, and references therein). WSOCs 

also play an important role in the formation of cloud condensation nuclei (CCN) and 

thus the regulation of climate (Graham et al., 2002; Kanakidou et al., 2005). 

As a major form of photosynthesized carbon in the ecosystem, sugars have 

been proposed to be potentially useful in understanding sources, processes and 

transport of biologically important organic materials in natural environment 

(Medeiros et al., 2006a; Medeiros and Simoneit, 2007). The analysis of sugar contents 

in fine particles is important for aerosol source apportionment (Schauer et al., 1996) 

and for the understanding of some source categories (including biomass combustion 

and soil resuspension) on local and regional air quality. 

2.3.2 Sources 

Sugars in aerosols have been documented in some studies to be associated 

with biomass burning (Oros and Simoneit, 2001 a-b; Oros et al., 2006; Graham et al., 

2002) and biogenic detritus (plant detritus, airborne microbes comprised of bacteria, 

viruses, spores of lichens and fungi, small algae, and protozoan cysts) which mainly 

come from soils and associated biota (Simoneit and Mazurek, 1981; Simoneit et al., 
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2.3.2.1 Biomass Burning 

Biomass burning, occurring both naturally and through human activity, is an 

important primary source of particles with adsorbed biomarker compounds in the 

atmosphere (Simoneit, 2002). Vegetation is the most important contributor to global 

biomass burning, and it contains primarily biopolymers with minor amounts of lipids 

and terpenoids (Simoneit et al., 1999; Oros and Simoneit, 2001). Most biomass 

burning data is based on wood combustion, and cellulose, hemicellulose and lignin 

are the three major components of wood, which contribute about 40-50%, 20-30%, 

and 20-30% to the dry weight of wood, respectively (Sergejewa, 1959; Petterson, 

1984). Pyrolysis of cellulose and hemicellulose are responsible for the presence of 

anhydrous saccharides in aerosol samples from wood combustion. Cellulose is the 

main constructing material of wood, and is built solely from glucose units linked in 

linear chains, while hemicellulose is a mixture of sugar monomers including glucose, 

mannose, galactose, xylose, arabinose, 4-O-methylglucuronic acid, and galacturonic 

acid (Petterson, 1984). 

Levoglucosan (1,6-anhydro-P-D-gluco-pyranose), mannosan 

(1,6-anhydro-P-D-mannopyranose), and galactosan 

(1,6-anhydro-P-D-galactopyranose are the key tracers for particulate matter 

originating from burning of biomass (Simoneit et al., 1999). Levoglucosan is the 

thermal alteration products from cellulose at temperatures higher than 300 °C, while 
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mannosan and galactosan result from the pyrolysis of hemicellulose (Shafizadeh, 

1984; Simoneit et al., 1999). Greater amounts of levoglucosan are emitted from wood 

combustion than mannosan and galactosan (Zdrahal et al., 2002). These compounds 

have been identified as major component of organic particulate matter in areas 

impacted by wood smoke (Graham et al., 2003). 

2.3.2.2 Soil Organic Matter (SOM) 

Soil organic matter (SOM) is composed of a mixture of above- and 

below-ground plant litter, animal and microbial residues, lipids, carbohydrates, 

peptides, cellulose, lignin, and humic material (Simoneit et al., 2004a, and reference 

therein). The primary source of bulk soil organic matter is plant biomass, which is a 

complex conglomerate of different polymers, such as cellulose, lignin, proteins, and 

some additional monomeric primary (e.g., carbohydrates) and secondary (terpenes, 

lipids or amino acids) natural compounds (Thomson, 1993; Gleixner et al., 2002). 

This mixture undergoes oxidative, enzymatic and hydrolytic degradation by 

micro-organisms (mainly fungi and bacteria) after plant death, and the products of this 

process become part of the soil organic matter (Stevenson, 1994; Gregorich et al., 

1996). 

Sugars are a major fraction of soil organic matter (Gleixner et al., 2002). Total 

sugars have been estimated to constitute 10% on average of soil organic matter, 

occurring in living and decaying organisms, as well as in extracellular materials 

(Oades, 1993; Medeiros et al., 2006b, and reference therein). Plants are the primary 
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source of sugars in soils, while animals and microorganisms (fungi, bacteria, algae) 

are minor contributors (Mehta et al., 1961). 

It has been reported that total sugar concentrations in aerosols tend to be high 

in the summer season, when the agricultural tilling practices that resuspend soil dust 

into the passing aerosols occur (Simoneit et al., 2004a). In contrast, the aerosol sugar 

concentrations are lower in winter and early spring, reflecting the low sugar contents 

in soil when the living biomass is dominant (Simoneit et al., 2004b). Generally, soil 

input to the atmosphere occurs by wind erosion and resuspension from anthropogenic 

activities. Natural wind erosion introduces surface fines from deserts, dried lakes and 

washes, denuded lands, and fallow agricultural fields (Simoneit et al., 2004a). The 

contributions and source strengths of soil and desert dusts to the atmosphere of urban, 

rural, and global regions have been mentioned as a new research direction on 

particulate matter in the atmosphere (Simoneit et al, 2004a). 

2.3.3 Important Sugars 

Important sugars in aerosols include primary saccharides (i.e., glucose, 

sucrose, trehalose), sugar polyols and anhydrosaccharide derivatives (i.e., 

levoglucosan). 

Glucose (a- and P-) is the most common monosaccharide present in vascular 

plants (Cowie and Hedges, 1984). It has been recognized as a product of cellulose 

pyrolysis (Shafizadeh and Fu, 1973; Shafizadeh et al., 1979) and serves as a major 

source of carbon for soil microbes (Paul and Clark, 1996). Glucose has frequently 
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been identified as a dominant sugar compound in aerosols (Simoneit et al., 2004a; 

Medeiros et al., 2006a). 

Sucrose is a major storage disaccharide for fixed C02 in plants (Martin et al., 

1988). It is the principal sugar in the phloem of plants and is particularly important in 

developing flower buds (Bieleski, 1995). Sucrose is also a significant contributor to 

soil sugar content (Al-Mutlaq et al., 2007; Medeiros et al., 2006b). 

Trehalose is widely present in bacteria, yeast, fungi, algae, a few plants, and 

invertebrates (Elbein, 1974). It is known as a metabolite of mycorrhyzal fungi 

converted from glucose (Martin et al., 1988; Niederer et al., 1989). Trehalose is 

generally regarded as a main reserve carbohydrate in yeast, and is also highly efficient 

in protecting the structural integrity of the cytoplasm under environmental stress. 

Large quantities of trehalose (up to 35% of dry weight) are frequently found in the 

anhydrobiotic organisms capable of surviving complete dehydration (Crowe et al., 

1984). The primary role of trehalose is to protect components of the cytosol against 

adverse conditions such as desiccation, frost and heat (Wiemken et al., 1990). 

Trehalose was often the most abundant sugar found in soil samples (Simoneit et al., 

2004a; Medeiros et al., 2006b) 

Similar to trehalose, sugar polyols are widespread in fungi, algae, lichens, and 

higher plants (Lewis and Smith, 1967). They are more reduced than sugars, therefore 

suitable to act as energy and carbohydrate reserves. Other functions of sugar polyols 

have also been addressed in literature, such as agents of translocation and endogenous 

osmo-regulation in plants (Lewis and Smith, 1967). For instance, mannitol was found 
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to be an intracellular osmoregulatory solute, accumulating in stressed cells to adjust 

their osmotic potential to salt stress and water deficiency (Shen et al., 1999; Ramirez 

et al., 2004). Bacteria can also form and accumulate polyols (e.g., sorbitol) in order to 

overcome osmotic stress (Loos et al., 1994). 

Levoglucosan is a cellulose decomposition product and is the most important 

tracer for smoke particulate matter from burning of biomass due to its atmospheric 

stability (Fraser and Lakshmanan, 2000) and the fact it has not been shown to be 

generated by noncombustive processes (Simoneit et al., 1999; Simoneit and Elias, 

2000). It is more often used than the other potential tracers (mannosan and galactosan) 

because the emitted amounts of levoglucosan are substantially higher (Zdrahal et al., 

2002). Levoglucosan is often the most prevalent sugar component in fine particles, 

and can contribute to more than 90% of the total sugar mass in tropical areas impacted 

by wood smoke (Simoneit, 2002; Simoneit et al., 1999, 2004a). 

2.3.4 Sugar Analyzed 

Sugars identified in this study were divided into two main groups, 

monosaccharides and disaccharides. The chemical structures of sugars are shown in 

Figure 3 for reference. Monosaccharides included the primary saccharide glucose (a-

+ P-), anhydrosaccharide derivative levoglucosan, and saccharide polyols including 

mannitol, arabitol, sorbitol, ribitol, iso-erythritol and glycerol. Disaccharides included 

two primary saccharides, sucrose and trehalose (mycose). Other sugars were also 

identified, such as galactitol, xylitol and maltitol, but their concentrations in aerosols 
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were very low therefore have been excluded from this research. 
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Figure 3. Chemical structures of sugars including the isotopically labeled internal 
standard D-glucose-l,2,3,4,5,6,6-d7. 

2.4 Analytical Methods 

2.4.1 Organic Solvent Extraction 

In the past decades, the identification and quantification of sugars and sugar 

polyols in aerosols has mostly been achieved using GC-MS after organic-solvent 
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extraction and silylated derivatization (Chizhov et al., 1967; DeJongh et al., 1969; 

Modzeleski et al, 1971; Martinez-Castro et al., 1989; Garcia-Raso et al., 1992; Fiehn 

et al., 2000). Existing analytical methods include use of different suites of extracting 

solvents. 

Analytical methods for the analysis of the non-polar organic carbonaceous 

portion of aerosols use hexane, benzene and isopropanol as extracting solvents 

(Mazurek et al., 1987). This combination of extraction solvents has been studied 

extensively in previous work, especially for quantification of non-polar organics from 

petroleum products, fossil hydrocarbons, vascular plant waxes and lipids (Rogge et al., 

1991, 1993b; Simoneit et al., 1998; Nolte et al., 2001, 2002; Fraser et al., 2002; Zheng 

et al., 2002; Yue and Fraser, 2004). However, in this method, a substantial portion of 

polar oxygenated organic compounds, including the more water-soluble ones, remains 

unextracted (Decesari et al., 2000). 

Recent studies targeting the sugar content of environmental samples involve 

the use of dichloromethane and methanol at different proportions (Simoneit et al., 

2004a-c; Jaffe et al, 2006; Medeiros et al., 2006a-b, 2007). The advantage of using 

the dichloromethane/methanol mixture (1:1 to 3:1, v/v) is that this suite has been 

shown to extract both neutral (lipids) and polar (water-soluble) compounds, without 

hydrolysis of organic anhydrides. This is a well established and tested method in 

organic geochemistry (Simoneit et al., 2004a) and has been shown to extract sugars in 

environmental samples with very high efficiency (Simoneit et al., 2004a, and 

reference therein; Rogge et al., 2006). 
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Several experiments also used water as the extracting solvent and showed 

almost 100% recovery for sugars and other water-soluble compounds (Debosz et al., 

2002; Graham et al, 2002, 2003; Simoneit et al, 2004a). However, despite the fact 

that the sugars are water-soluble, the extraction into water is limited because water 

also extracts polymeric humic-like substances that would not pass through the gas 

chromatographic column and cause rapid injector and column deterioration (Decesari 

et al., 2000). 

No research has been done comparing the advantages and distadvantages of 

the two extraction methods using organic solvents. However, the recovery efficiency 

of the traditional method using non-polar solvents for sugar extraction is questioned 

since sugars are polar organic compounds. In the following study, this question was 

addressed by applying these two different suites of organic solvents to identical 

samples and comparing their extraction efficiency and reproducibility for sugar 

compounds. 

2.4.2 GC-MS and Sugar Derivatization 

Currently, there are four categories of existing analytical methods for sugar 

compounds: gas chromatography (GC)-based methods, high performance liquid 

chromatography (HPLC)-based methods, direct mass spectrometry (MS) methods, 

liquid chromatography-mass spectrometry (LC-MS) methods, and capillary 

electrophoresis (CE)-based methods (Wan and Yu, 2006; Medeiros and Simoneit, 

2007). GC-MS analytical procedure is preferred and widely used because it is capable 

of molecular identification on a high-sensitivity level (Jacobson et al., 2000). 
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However, due to their high polarity, hydrophilicity and low volatility, sugars have to 

be converted into more volatile and stable derivatives before GC-MS analysis 

(Medeiros and Simoneit, 2007). The most common derivatization technique is 

silylation, which converts the hydroxyl groups of sugars into their trimethylsilyl 

(TMS) ether derivatives and make them more volatile, less polar, and more thermally 

stable (Sweeley et al., 1963). This results in improved separation and detection with 

GC techniques. TMS derivatives of sugars were chosen in this study also because of 

the ease of formation, excellent chromatographic qualities, and long-term chemical 

stability (Blau and Halket, 1993). The use of pyridine as a reaction catalyst helped to 

minimized the problems of peak multiplicity: when in solution, free sugars may exist 

in as many as five different forms - one acyclic form and two anomers for each of the 

five and six-membered ring forms, which leads to a complex multiplicity of peaks that 

has proven difficult to resolve (Cowie and Hedge, 1984). Peak resolution was 

improved through the use of a silica capillary column. Clear separation of important 

sugars by GC-MS analysis of their trimethylsilyl ester derivatives is shown in Figure 

4 as an example (from Simoneit et al., 2004a). 
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Figure 4. Example of GC-MS data for trimethylsilyl derivatives of total extracts of 
atmospheric particulate matter at Concon, Chile, (c) total ion current (TIC) trace, (d) 
m/z 204 and 361 key ion trace, for important sugars such as levoglueosan, glucose, 
sucrose and trehalose (mycose). From Simoneit et al., 2004a. 

2.5 Statistical Tool- Correlation Analysis 

Previous studies of sugar contents in both soil and aerosol samples have 

shown good correlations between pairs of sugars/sugar polyols. For instance, Lewis 
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and Smith (1967) found interrelationships between the metabolism of trehalose and 

mannitol in fungi. Maenhaut et al. (2002) observed good correlations between glucose 

and fructose, as well as between arabitol and mannitol, for aerosols collected in South 

Africa. Wan and Yu (2006) revealed moderate to strong correlation among the primary 

saccharide (e.g., glucose, sucrose) and saccharide polyols (e.g., erythritol, mannitol) 

in aerosols. Medeiros et al. (2006b) observed good correlations between mannitol and 

trehalose, glucose and most sugars in a ryegrass soil. 

The good correlations among different sugar compounds suggest that these 

compounds shared common dominant sources (Graham et al., 2002, 2003; Wan and 

Yu, 2006; Medeiros et al., 2006a-b). In an aerosol study conducted by Pashynska et al. 

(2002), levels of glucose and sucrose were reported to be highest in early summer, 

while arabitol and mannitol concentrations peaked together later in summer. They 

suggested that the sugars may have been associated with airborne detritus from 

developing leaves, and the sugar polyols with detritus from mature leaves. Also, 

Graham and his coworkers (2003) found in the natural Amazonian aerosol samples 

that trehalose, arabitol and mannitol appeared to be associated with yeasts and other 

fungal spores present in higher concentrations at night, while glucose and sucrose 

were more linked with the specific daytime release of pollen, fern spores and other 

bioaerosols. 

In order to examine the interrelation between different sugar species over the 

sampling period, a Pearson's correlation test was applied among individual sugar 

concentrations (mono- and disaccharides) in our aerosol samples using a R statistical 
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software. The Pearson's correlation (short for the Pearson Product Moment 

Correlation) is a parametric statistical test, which assumes the testing subject follows 

a normal distribution (Neter et al, 1996). It calculates the correlation coefficients 

between two random variables measured on the same object, which reflects the degree 

of linearity between these two variables (Neter et al., 1996). Pearson's correlation 

coefficients range from +1 to -1, suggesting statistically the tendency of the variables 

to increase or decrease together. A correlation of+1/-1 means that there is a perfect 

positive/negative linear relationship between variables. Cohen (1988) suggested an 

absolute value of correlation coefficient greater than 0.5 should be considered as an 

indication of statistically significant correlation. 
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CHAPTER 3 

3. Experimental Methods 

3.1 Sample Collection 

3.1.1 PM2.5 Samples 

Samples of PM2.5 were collected on pre-baked quartz-fiber filters (Whatman, 

47mm diameter) by high-volume air samplers (TSP Volume Controlled High Volume 

Air Sampler; Thermo Andersen, Smyrna, GA) (Figure 5) fitted with a PM2.5 inlet 

(High Volume Virtual Impactor; MSP, Minneapolis, MN). Continuous sampling was 

conducted at three sites in Texas (Figure 6) between November 2005 and July 2006, 

as part of the Texas Air Quality Study II. Of the sites, San Augustine is located close 

to the eastern border of Texas, Clarksville is adjacent to the border of Texas and 

Oklahoma, and Dallas is a large metropolitan city in Texas, as shown in Figure 6. 

Figure 5. High-volume air sampler 

(picture source: http://www.epa.gov/glnpo/glindicators/air/airb.html) 

http://www.epa.gov/glnpo/glindicators/air/airb.html
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Sampling sites at San Augustine (31.5°N, 94.2°W, 116m above sea level) and 

Clarksville (33.6°N, 95.1°W, 134m above sea level) are located in rural areas and 

surrounded by trees and farmland, while sampling site at Dallas (32.8°N, 96.9°W, 

122m above sea level) is located in an urban area. Samples were collected every third 

day at all sites at a flow rate of 1.13 mVmin for a total of 24 h on each sampling day. 

The total sampled air volume for each filter is about 1630 m3. After collection, 

samples were returned from the field sites in glass jars with Teflon-lined caps and 

stored in a freezer at -4°C until extraction. A total of 174 samples were obtained for 

sugar analysis. 

3.1.2. Soil Samples 

Soil samples were taken from the vicinity of the two rural sites (San Augustine 

and Clarksville) on different dates in 2006 (July 7 for San Augustine, June 27 and 

August 29 for Clarksville). Two surface soils (0-5 cm depth) were collected in the 

vicinity of each sampling sites (<15 m diameter area). Each sample was taken to the 

lab within a day after collecting, and stored at -4°C before extraction. 

3.1.3 Wildfires 

During our sampling periods, a series of wildfires broke out primarily in the 

states of Texas and Oklahoma, known as the Texas-Oklahoma wildfires of 2005-06. 

The series of fires started on November 27, 2005, and continued into April 2006. A 

total of 11,048 wildfires hit Texas during this time and a total of 4,903,851 acres of 
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land and forest was burned, as reported by the Texas Forest Service. Major counties 

impacted by wildfires are shaded in Figure 6. 
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Figure 6. Map of Texas showing the three sampling sites at San Augustine, Clarksville 
and Dallas, and counties impacted by the Texas-Oklahoma wildfires of 2005-06. 

3.2 Sample Extraction and Derivatization 

3.2.1 Reagents and Standards 

All sugar standards (glucose, sucrose, trehalose, levoglucosan, and sugar 

polyols kit including mannitol, arabitol, sorbitol, ribitol, xylitol, iso-erythritol, 

galactitol, and glycerol) were purchased from Sigma-Aldrich-Supelco except 

D-Glucose-l,2,3,4,5,6,6-d7, which was obtained from Cambridge Isotope 

Laboratories (CIL). The derivatizing reagent, 
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N,0-bis(trimethylsilyl)trifluoroacetamide (BSTFA) containing 1% 

trimethylchlorosilane (TMCS) and pyridine, was from Sigma-Aldrich-Supelco. All 

extraction solvents (Fisher Chemical) were GC grade (Optima). Stock solutions were 

prepared individually for each sugar standard dissolved in isopropanol at 

concentrations around 100 ug/ml. Stock solutions of individual sugar standards were 

then diluted in series using isopropanol to prepare calibration curves ranging from 5 

to 40 ug/ml. Sugar polyol standards, BSTFA reagents, as well as the individual 

standard solutions were stored at -4°C before use. 

3.2.2 Sample Extraction 

3.2.2.1 Aerosol Sample Extraction - Two Methods 

Two extraction methods using organic solvent suites (mentioned in the 

background and literature review section) were applied to one-quarter of each 

sampled quartz-fiber filter. The first extraction method used 2-30 ml aliquots of 

n-hexane and 3-30 ml of 2:1 benzene: isopropanol under mild ultrasonic agitation for 

a period of 10 min for each aliquot. This method has been used extensively in 

previous study to quantitatively extract both non-polar and polar organic compounds 

(Mazurek et al., 1987; Rogge et al., 1991; Nolte et al, 2001). The second method is to 

use a different combination of extraction solvents, 3-15 ml aliquots of 

dichloromethane and 3-15 ml of methanol under mild ultrasonic agitation for a period 

of 10 min for each aliquot. This method has been mentioned in a few studies with 

focus on sugar contents in environmental samples and has been shown to extract 
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sugars with very high efficiency (Simoneit et al., 2004, and reference therein; Rogge 

et al., 2006). The second extraction method was applied to all filter samples (174), 

while the first method was applied to a total of 100 filter samples from two sampling 

sites (San Augustine and Dallas). 

Prior to extraction, a 50 ml of an isotopically labeled internal standard 

(D-Glucose-1,2,3,4,5,6,6-d7) was spiked to all samples except the Clarksville filters 

using the first method. Extraction efficiency for ambient sugars from each method 

was obtained by calculating the recovery of the internal standard. Because the internal 

standard is isotopically-labeled, it can be separately identified and quantified from the 

native (not isotopically-labeled) sugars. After extraction, the solvent extract was 

combined and concentrated using a vacuum rotary evaporator to approximately 2 ml. 

Then a gentle stream of high-purity nitrogen was passed over the extract to further 

reduce the volume to approximately 200 ul, with final volume determination by 

syringe with accuracy of ±5ul. 

3.2.2.2 Soil Sample Extraction 

Each soil sample (~5 g) was dried in an oven at 40°C to remove moisture, and 

then sieved with 0.6 mm pore-size mesh to remove coarse particles and plant root 

fragments (Simoneit et al., 2004a; Rogge et al., 2006; Medeiros et al., 2006). The 

samples were weighed before extraction. A 50 ml spike of the internal standard 

(D-Glucose-1,2,3,4,5,6,6-d7) was applied to each soil sample prior to extraction in 

order to estimate sugar extraction and recovery. 
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The second organic solvent suite for aerosol sample extraction 

(dichloromethane and methanol) was used to extract soil samples. This is a well 

established and tested method in organic geochemistry used for soil sample extraction 

(Simoneit et al., 2004). The extract aliquots were combined, filtered and concentrated 

by rotary evaporator to about 2 ml, then further to about 200 ul using a gentle stream 

of high purity nitrogen. 

3.2.3 Sample Derivatization 

Aliquots of the total extracts of both aerosol and soil samples (20 ul) were 

reduced to dryness with pure nitrogen gas and then derivatized with 

N,0-bis(trimethylsilyl)trifluoroacetamide (BSTFA) containing 1% 

trimethylchlorosilane (TMCS) (150 ul) and pyridine (50 ul) for 3 h at 70°C. The 

converted trimethylsilyl derivatives were analyzed by GC/MS within 24 h. 

3.3 Sample Analyses - GC/MS 

3.3.1 GC/MS 

A 1 ul aliquot of derivatized extracts was analyzed by a Hewlett-Packard 

model 6890 gas chromatograph (GC) coupled to a HP model 5973 mass selective 

detector (MSD). A 1 ul aliquot of 1-phenyldodecane (1-PD) was co-injected to ensure 

proper injection as well as for compound quantification. An HP5-MS silica capillary 

column of 30 m length and 0.25 mm internal diameter with a 0.25 um film thickness 
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was used for all analyses. The GC operating conditions were as follows: temperature 

hold at 65°C for 10 min, increase from 65 to 300°C at a rate of 10°C/min with final 

isothermal hold at 300°C for 5 min. Ultra high purity helium was used as carrier gas. 

The sample was injected splitless with the injector temperature at 250°C. The MS was 

operated in the electron impact mode at 70 eV and scanned from 40 to 650 dalton. 

Data was obtained and processed with the Chemstation software. Individual 

compounds were identified by comparison of mass spectra with authentic standards, 

comparison with literature and library data, and interpretation of mass spectrometric 

fragmentation patterns. Compounds were quantified using total ion current (TIC) peak 

area, and converted to compound mass using relative response factors (RRF) 

determined by GC/MS injection of authentic standards (derivatized in the fashion 

described in section 3.2.2) and 1-PD under the same instrumental operating conditions. 

Calibration curves were also drawn for individual standard. A small intercept and a R 

square value greater than 0.95 ensured the calculated RRFs for all standard were 

within an accepted variation range. 

3.3.2 Sugar Identification 

Individual sugar compounds were identified by their unique retention time and 

specific mass fragmentation pattern. Characteristics of sugars analyzed in this study 

(including internal standard) are listed in Table 3. Generally, the key ions for 

monosaccharides are 204 (corresponding to the pyrano-ring (5 C)), 191, and 217 

(corresponding to the furano-ring (4 C)) (Medeiros and Simoneit, 2007); sugar 
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polyols have additional key ions at m/z 205; and the internal standard 

D-glucose-l,2,3,4,5,6,6-d7 (isomer of glucose) is characterized by ions at m/z 206 

and 192. Disaccharides were mainly recognized by a key ion at m/z 361 (Chizhov et 

al., 1967; DeJongh et al., 1969; Simoneit et al., 2004a). Glucose and 

D-glucose-l,2,3,4,5,6,6-d7 presented two GC peaks due to the la- and 

1 P-configureurations of the OH on the pyrano- or furano-ring (Medeiros and Simoneit, 

2007). For quantification purpose, two peaks were summed to report one value. Sugar 

compounds from the same group or with similar molecular structures have very 

similar mass spectra fragmentation patterns (e.g., trehalose and sucrose, or different 

sugar polyol species). As a result, GC retention time was also incorporated for the 

correct identification of sugar compounds (Simoneit, 1999). The retention times were 

checked repeatedly for all sugar compounds during this work to ensure instrument 

stability. 

Table 3. Characteristics of sugar standards analyzed by GC-MS as TMS derivatives 

Compounds 

Monosaccharides 
a- + (3-Glucose 
Levoglucosan 
Sorbitol 
Mannitol 
Arabitol 
Ribitol 
Iso-Erythritol 
Glycerol 

Disaccharides 
Trehalose 
Sucrose 

Internal Standard 
D-Glucose-1,2,3,4,5,6,6-07 

Molecular Molecular CAS # 
formula mass 

Retention time m/z 
(min; a-,(3-) 

CeHiaOe 180 
C6H10O5 

C6H1406 
C6H1406 
C5H1205 

C5H1205 
C4H10O4 
C3H803 

C12H22011 
C12H22011 

CeHsDrOe 

162 
182 
182 
152 
152 
122 
92 

342 
342 

187 

492-62-6 
498-07-7 
50-70-4 
69-65-8 
488-82-4 
488-81-3 
149-32-6 
56-81-5 

99-20-7 
57-50-1 

25.56, 26.42 
23.50 
26.06 
25.98 
23.73 
23.79 
21.17 
17.78 

33.39 
32.49 

204, 191 
204,217 
205,217 
205,217 
205,217 
205,217 
205,217 
205,218 

361 
361 

23403-54-5 25.53, 26.37 206, 192 
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3.3.3 Detection Limit 

The detection limit (DL) of sugars by GC/MS was calculated as the 

concentration that corresponds to three times the standard deviation of the peak areas 

generated by injections (n=4) of approximately 2 (j,g/ml of the representative sugar 

standards (Medeiros and Simoneit, 2007). Glucose, levoglucosan, sucrose and sorbitol 

were chosen as representatives of the monosaccharide, anhydrosaccharide, 

disaccharide and sugar polyol groups, respectively, since these compounds were 

commonly observed in environmental samples. 

3.4 OC and EC 

Quartz filter punches ( l "x l " ) were sent to Sunset Laboratory in Oregon for 

carbon aerosol analysis. Organic and elemental carbon was measured by 

thermal-optical analyzer following NIOSH 5040 method. A total of 99 filter punches 

were analyzed for OC and EC, which covers sampling period in 2006 from February 

2 to June 2 for San Augustine site, from January 21 to April 6 for Clarksville site, and 

January 27 to May 15 for Dallas site. 
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CHAPTER 4 

4. Results and Discussion 

4.1 GC/MS Detection Limit 

Detection limit (DL) for sugars by GC/MS are given in Table 4. The DLs 

varied from 120 to 550 ng/ml (or from 120 to 550 pg/injection), which are 

comparable to those reported by Medeiros and Simoneit (2007) (from 130 to 360 

ng/ml). Sugar concentrations detected in a majority of the aerosol and soil samples in 

this study were well above these detection limits, assuring the confidence of the 

assembled data set. 

Table 4. GC/MS detection limit for representative sugar standards 

Glucose 
Levoglucosan 
Sucrose 
Sorbitol 

Compound Group 
Monosaccharides 
Anhydrosaccharides 
Disaccharides 
Sugar Polyols 

DL (ng/ml) 
540 
550 
120 
480 

4.2 Aerosol Sugars 

4.2.1 Comparison of Two Extraction Methods 

Sugar extraction efficiency was compared for the two extraction methods 

described in the experimental methods section. Extraction efficiency for each method 

was obtained by calculating the recovery of the internal standard that was spiked onto 

each sample filter prior to extraction. The relative standard deviation (RSD) of 

replicate measurements was calculated to assess the reproducibility of the extraction 
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efficiency for each method. Table 5 summarize the extraction efficiency and RSD for 

three sites using two different methods, and the mean ambient concentration of sugars 

and sugar polyols normalized by the corresponding calculated extraction efficiency. 

Method 1 extracted filter samples with 2-30 ml aliquots of n-hexane and 3-30 ml of 

2:1 benzene: isopropanol, while Method 2 extracted them with 3-15 ml aliquots of 

dichloromethane and 3-15 ml of methanol. Because Method 1 was not applied to 

Clarksville filter samples, in order to calculate the aerosol sugar concentrations, an 

average of the extraction efficiency of San Augustine and Dallas samples using the 

same method was substituted to calculate ambient concentrations. 

Table 5. Comparison of extraction efficiency and corresponding sugar concentrations 
in aerosol samples using two extraction methods. 

San Augustine Clarksville Dallas 
Method 1 Method 2 Method 1 Method 2 Method 1 Method 2 

Recovery (%) 23.73 ±8.57 81.22 ±3.61 NA 76.49 ± 7.22 13.47 ±6.59 77.73 ± 4.66 
RSD(%) 111.54 19.45 NA 29.56 144.78 22.60 

Saccharides concentrations (ng/m3) 
Trehalose 
Glucose 
Levoglucosan 
Sucrose 
Sorbitol 
Mannitol 
Arabitol 
Ribitol 
Iso-Erythritol 
Glycerol 

0.11 
5.71 
44.14 
6.43 
0.36 
1.16 
2.24 
0.77 
0.34 
8.94 

0.50 
10.29 
41.20 
11.79 
0.38 
2.00 
1.79 
0.26 
0.38 
5.93 

0.00 
10.38 
136.12 
14.85 
1.67 
1.96 
30.71 
19.06 
0.58 
26.50 

0.92 
20.08 
77.86 
19.06 
0.51 
3.79 
3.88 
1.14 
0.67 
10.67 

0.38 
5.60 
20.63 
0.89 
0.91 
2.10 
3.01 
1.01 
0.63 
24.27 

0.56 
8.55 
13.50 
2.76 
0.44 
4.35 
2.27 
0.07 
0.56 
3.13 

Recovery: expressed at a significant level of a=0.05 (two-tailed) 

Generally, Method 2 extracted sugars and sugar polyols with efficiency greater 

than 75%, which was much higher than the extraction efficiency of Method 1 (less 

than 25%). Lower RSD values (<30%) were associated with Method 2, while much 
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higher RSD values (>110%) were found for Method 1. These values demonstrated 

better extraction efficiencies and reproducibility of Method 2 over Method 1. Also, 

comparison of sugars/sugar polyols ambient concentrations derived from the same 

sample but using different methods shows significant differences, especially for high 

concentration sugars and sugar polyols, such as levoglucosan, glucose, sucrose, 

arabitol and glycerol. This is the result of greater uncertainty associated with lower 

extraction efficiency and reproducibility of Method 1. Therefore, Method 2 is 

recommended over Method 1 for quantitative saccharides analysis in ambient 

aerosols. 

4.2.2 Seasonal Trends 

4.2.2.1 OC, TC and Total Sugar Concentrations 

A total of 99 filter samples were analyzed for the organic and elemental carbon 

contents in PM2.5, which covered the sampling period in 2006 from February 2 to 

June 2 for the San Augustine site, from January 21 to April 6 for the Clarksville site, 

and January 27 to May 15 for the Dallas site. Table 6 listed the range and mean value 

of OC, TC and total sugar concentrations as well as ratios of OC/TC and sugar/OC, 

measured at San Augustine, Clarksville and Dallas site for different sampling periods. 

Total carbon (TC) concentration is the sum of OC and EC concentration, and OC and 

TC concentration is reported as the concentration of carbon in |a,g(C)/m3 and as such 

did not include the contribution to the aerosol mass of the other associated elements 

(namely, oxygen, hydrogen, and nitrogen) of the organic aerosol compounds (Seinfeld 
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and Pandis, 1998). In order to calculate the ratio of total sugar to OC concentrations, a 

factor of 1.5 was used to convert the measured OC value to the total organic mass 

associated with the OC, as suggested by Wolff et al. (1991). 

Table 6. Maximum, minimum and mean value of OC, TC, total sugar concentrations 
and ratios at the three sampling sites. 
Sample Site and Period 

San Augustine 
Feb 2 - Jun 2, 2006 

Clarksville 
Jan 21 - Apri 6, 2006 

max 
min 
mean 

max 
min 
mean 

OC 
(ugC/m3) 
12.26 
1.57 
3.45 

12.88 
1.83 
4.43 

TC 
(ugC/m3) 
13.09 
1.65 
3.68 

13.67 
1.95 
4.74 

OC/TC 
Ratio 
95.73% 
91.10% 
93.83% 

96.54% 
90.70% 
93.33% 

Total Sugar Sugar/OC 
(ng/m3) 
355.10 
19.41 
77.28 

372.20 
7.48 
138.58 

Ratio 
4.00% 
0.76% 
2.11% 

7.72% 
0.18% 
3.45% 

Dallas max 8.77 9.72 92.40% 196.04 3.04% 
Jan 27-May 15,2006 min 2.48 2.75 75.55% 20.39 0.49% 

mean 4.35 5.09 85.71% 64.57 1.46% 

The OC value at all three sites ranged from 1.57 to 12.88 |ag(C)/m3, with an 

average of about 4 ug(C)/m3. It was reported that the concentration of OC is around 

3.5 ug(C)/m3 in rural locations and 5 to 20 u.g(C)/m3 in polluted atmosphere (Seinfeld 

and Pandis, 1998). The OC concentrations observed at all of the sampling sites were 

within this range. 

Generally, the OC value at the two rural sites - San Augustine and Clarksville, 

was higher than the OC value at the urban site Dallas, as was the OC/TC and 

sugar/OC ratio. This indicates a larger contribution of organic carbon to the total 

carbon mass at rural locations compared to the urban location. Urban areas are more 

impacted by motor vehicle emissions, especially diesel powered vehicles, which are 

the main source of elemental carbon (Hildemann et al., 1991). A higher sugar/OC 
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ratio at San Augustine and Clarksville also suggested biomass burning and soil 

organic matter as a more important source of aerosol organic carbon content in rural 

locations (see major source of sugar in aerosols, section 2.2.2). 

Monthly OC/TC ratio at the three sampling sites was plotted and compared in 

Figure 7. From January to May (2006), monthly OC/TC ratio was almost constant for 

San Augustine and Clarksville, which indicates uniform contributions from the 

various sources that may contribute differing OC/TC emissions. In contrast, the 

OC/TC ratio at Dallas site varied, with lower value observed in January and higher 

value in the following months. This again may be explained by the fact that Dallas is 

an urban site and therefore more likely to be influenced by different sources (e.g., 

motor vehicle emissions) other than the two major sources (biomass burning and soil 

organic matter) at the rural sites. 

OC/TC Ratio 

Jan Feb Mar Apri 

Sampling Period (2006) 

• San Augustine 
• Clarksville 
• Dallas 

May 

Figure 7. Comparison of monthly OC/TC ratio at the three sampling sites in Texas 
(San Augustine, Clarksville, and Dallas). 
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Figure 8 shows the monthly sugar/OC ratio variation from January to May 

2006 for each site. In San Augustine and Clarksville, higher contribution of total sugar 

to OC in PM was observed in February, March, and April. This is consistent with the 

seasonal variation of source intensities - in winter and early spring, the sugar content 

of soils was low because the living biomass is dominant, and it was higher during the 

growing season when the living biomass begins to decompose (Simoneit et al., 2004). 

Also, biomass burning had a strong influence during this period. This trend was less 

pronounced at Dallas site due possibly to the contribution from other potential sources. 

A detailed explanation of the seasonal variations of aerosol sugar contents is provided 

in the next section. 

Sugar/OC Ratio 
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T T 

mW& 
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Sampling Period (2006) 
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• San Augutine 
• Clarksville 
• Dallas 

Figure 8. Comparison of monthly Sugar/OC ratio at the three sampling sites in Texas 
(San Augustine, Clarksville, and Dallas). 
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4.2.2.2 Sugar Concentrations 

Individual concentrations of monosaccharides (a- + p-glucose, levoglucosan, 

sorbitol, mannitol, arabitol, ribitol, iso-erythritol, glycerol) and disaccharides 

(trehalose and sucrose) in aerosol samples taken from San Augustine, Clarksville and 

Dallas during two sampling periods (November 2005 - December 2005; January 2006 

- July 2006) are listed in Table 7. Each concentration was averaged over an 

approximately 2-week sampling period. 

Concentrations of total aerosol sugars ranged from 22 to 164 ng/m , with 

higher concentrations observed from January to April, 2006 for the Clarksville and 

Dallas sites, and to a lesser extent, the San Augustine site. The period with higher total 

sugar concentrations parallels the agricultural tilling practices which resuspend soil 

into the atmosphere (Simoneit et al., 2004), suggesting soil organic matter as a 

significant source of sugars. The concurrency of major wildfires in the northern part 

of Texas during this period also indicates an impact of wood combustion on aerosol 

sugar concentrations. In general, total sugar concentrations in aerosol samples were 

higher at the two rural sites than at the urban site. The average of total aerosol sugar 

concentration was 68 ng/m at the San Augustine site and 117 ng/m at the Clarksville 

site, compared to 55 ng/m3 at the Dallas site. A likely explanation is the weaker 

contribution from soil organic matter at the urban location. Higher concentrations of 

total sugars at the Clarksville site than at the San Augustine site was possibly due to 

the agricultural tilling practices between sites, and the fact that Clarksville is 

relatively closer to the wildfire region than San Augustine (see Figure 6). 
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Levoglucosan, glucose, mannitol, arabitol and glycerol were dominant sugars 

at both rural and urban sites. The prevalence of those sugars has been reported in 

urban and rural aerosols elsewhere (Graham et al., 2002; Simoneit et al., 2004; 

Medeiros et al., 2006a; Wan and Yu, 2006, 2007). Sugar compositions in the aerosol 

samples also displayed a seasonal variation, reflecting the sugar production and 

utilization in the ecosystem (Medeiros et al, 2006a). 

Table 7. Sugar Concentrations in aerosol samples collected at three sites in Texas (San 
Augustine, Clarksville and Dallas) from November, 2005 to July, 2006. Each 
concentration (ng/m3) was averaged over a half-a-month sampling period. 

ComDounds 
San Augustine 
Monosaccharides 
a- + p-Glucose 
Levoglucosan 
Sorbitol 
Mannitol 
Arabitol 
Ribitol 
Iso-Erythritol 
Glycerol 
Disaccharides 
Trehalose 
Sucrose 
Total 

Clarksville 
Monosaccharides 
a- + B-Glucose 
Levoglucosan 
Sorbitol 
Mannitol 
Arabitol 
Ribitol 
Iso-Erythritol 
Glycerol 
Disaccharides 
Trehalose 
Sucrose 
Total 

Dallas 
Monosaccharides 
a- + B-Glucose 
Levoglucosan 
Sorbitol 
Mannitol 
Arabitol 
Ribitol 
Iso-Erythritol 
Glycerol 
Disaccharides 
Trehalose 
Sucrose 
Total 

Sampling Period (2005) 
1 Nov - 16 Nov 
15 Nov 30 Nov 

3.58 
30.91 
0.24 
2.83 
1.95 
0.15 
0.27 
7.35 

0.61 
0.42 
48.29 

NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 

NA 
NA 
NA 

NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 

NA 
NA 
NA 

4.36 
67.47 
1.15 
3.08 
6.43 
3.14 
0.53 
5.93 

1.00 
1.81 
94.91 

NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 

NA 
NA 
NA 

NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 

NA 
NA 
NA 

-1 Dec -
15 Dec 

3.53 
76.82 
0.44 
1.25 
0.92 
0.21 
0.24 
4.53 

0.70 
4.28 
92.92 

NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 

NA 
NA 
NA 

NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 

NA 
NA 
NA 

16 Dec 
31 Dec 

3.42 
49.70 
0.42 
1.26 
2.19 
0.77 
0.44 
6.50 

0.53 
2.75 
67.98 

NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 

NA 
NA 
NA 

NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 

NA 
NA 
NA 

Sampling Period 
-1 Jan -

15 Jan 

1.80 
14.73 
0.12 
1.07 
0.80 
0.07 
0.16 
3.22 

0.37 
0.53 
22.88 

10.63 
61.89 
0.27 
5.46 
4.20 
0.17 
1.26 
14.30 

0.34 
2.49 
98.17 

5.79 
69.51 
0.44 
2.16 
1.94 
0.08 
1.63 
4.76 

0.48 
3.75 
86.30 

16 Jan-
31 Jan 

4.75 
48.25 
0.25 
1.00 
0.90 
0.08 
0.22 
3.66 

0.46 
2.40 
61.96 

19.82 
94.20 
0.40 
2.74 
2.51 
0.52 
0.72 
7.73 

1.08 
8.63 
128.64 

6.68 
27.74 
0.31 
1.29 
1.28 
0.14 
1.00 
3.56 

0.33 
1.59 
41.99 

(2006) 
• 1 Feb -

15 Feb 

5.50 
47.16 
0.59 
1.15 
1.37 
0.24 
0.31 
4.44 

0.35 
3.03 
64.13 

12.13 
50.00 
0.82 
2.98 
6.60 
3.46 
0.40 
14.75 

0.62 
8.06 
91.13 

4.25 
53.78 
0.18 
0.71 
0.63 
0.06 
0.74 
4.29 

0.20 
1.64 
64.64 

16 Feb 
28 Feb 

4.94 
40.33 
0.36 
0.75 
1.02 
0.17 
0.16 
5.91 

0.47 
1.28 
55.38 

20.79 
111.57 
0.45 
4.09 
3.35 
0.75 
0.82 
9.46 

1.40 
28.41 
151.28 

10.69 
80.14 
0.40 
1.65 
1.30 
0.20 
0.81 
5.63 

0.70 
10.66 
100.83 

-1 Mar-
15 Mar 

15.90 
78.83 
0.89 
2.22 
2.42 
0.89 
0.69 
7.64 

0.69 
54.21 
164.38 

25.77 
62.77 
0.60 
2.35 
3.38 
1.18 
0.41 
10.93 

0.70 
25.37 
107.39 

6.90 
59.82 
0.28 
0.90 
0.96 
0.31 
0.70 
4.97 

0.18 
6.63 
74.84 

16 Mar 
31 Mar 

14.77 
45.60 
0.26 
1.12 
1.28 
0.25 
0.36 
5.71 

0.34 
19.76 
89.45 

26.64 
74.48 
0.48 
7.68 
4.07 
0.28 
0.66 
5.77 

1.12 
30.90 
120.07 

10.26 
30.68 
0.46 
6.50 
1.55 
0.07 
0.50 
4.10 

0.42 
13.65 
54.13 

-1 Apr - 16 Apr-
15 Apr 30 Apr 

8.48 
29.39 
0.22 
1.14 
0.92 
0.11 
0.18 
3.83 

0.32 
7.34 
51.93 

45.19 
61.03 
1.32 
18.90 
12.23 
0.47 
1.80 
6.13 

0.52 
27.06 
147.06 

6.88 
17.56 
0.28 
2.60 
1.58 
0.05 
0.38 
2.28 

0.37 
3.08 
31.60 

15.17 
17.51 
0.21 
3.53 
2.91 
0.05 
0.39 
6.30 

0.49 
0.82 
47.39 

51.52 
44.88 
1.33 
16.11 
9.40 
0.36 
2.20 
10.68 

6.08 
6.34 

, 136.48 

5.46 
16.12 
0.27 
2.51 
1.26 
0.09 
0.53 
3.44 

0.71 
1.45 
29.67 

1 May-
15 May 

13.82 
30.96 
0.38 
5.71 
4.05 
0.14 
0.63 
8.68 

1.12 
0.60 
66.09 

19.07 
22.20 
0.65 
10.50 
5.59 
0.28 
4.15 
3.98 

3.40 
2.11 
66.41 

7.78 
6.31 
0.40 
3.66 
2.83 
0.10 
0.68 
3.16 

0.43 
1.63 
24.91 

16 May-
31 May 

4.74 
14.24 
0.17 
1.51 
1.36 
0.27 
0.56 
7.26 

0.33 
0.36 
30.80 

24.38 
22.98 
0.81 
20.26 
7.69 
0.34 
1.42 
4.16 

5.72 
2.85 
82.04 

8.89 
16.17 
0.46 
4.46 
3.16 
0.08 
0.83 
5.06 

0.46 
0.47 
39.11 

• 1 Jun -
15 Jun 

18.18 
20.20 
0.97 
4.60 
3.34 
0.25 
0.99 
7.01 

1.34 
0.50 
57.37 

24.08 
34,82 
1.76 
22.71 
11.86 
1.15 
1.45 
7.89 

5.34 
7.29 
105.72 

5.75 
7.03 
0.50 
5.27 
2.25 
0.04 
0.38 
2.62 

0.61 
0.68 
23.84 

16 Jun 
30 Jun 

15.86 
11.67 
0.85 
9.79 
5.76 
0.28 
0.81 
3.66 

2.41 
0.75 
51.84 

11.96 
14.12 
0.82 
8.42 
9.01 
3.35 
1.17 
6.08 

4.57 
2.55 
54.92 

11.91 
6.85 
0.56 
5.46 
2.64 
0.06 
0.45 
1,82 

0.74 
0.70 
29.75 

-1 Jul -
15 Jul 

20.43 
18.50 
1.53 
15.89 
9.51 
0.42 
1.17 
4.50 

3.24 
0.53 
75.70 

13.20 
6.57 
1.03 
9.59 
6.15 
0.60 
2.09 
4.99 

1.44 
0,47 
44.22 

12.11 
4.53 
0.76 
5.69 
3.01 
0.11 
0.74 
2.14 

0.86 
1.06 
29.10 

15 Jul-
31 Jul 

16.09 
9.29 
0.88 
10.51 
7.10 
0.27 
1.58 
3.39 

1.44 
0.34 
50.89 

NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 

NA 
NA 
NA 

NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 

NA 
NA 
NA 

Levoglucosan was the most abundant sugar at all three sites and represented 
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between 14% and 82% of the total sugar mass measured. Concentrations of 

levoglucosan were highest in winter and early spring, and it contributed 47- 82% to 

the total sugar mass during this period. This percentage dropped greatly to less than 

30% in May and further decreased to less than 20% in July. The highest record of 

levoglucosan concentration was found in February and March, and was up to 111 

ng/m3 in Clarksville and 80 ng/m3 in San Augustine and Dallas. Levoglucosan has 

been a reliable indicator of biomass combustion (Simoneit et al., 1999), and 

concentrations of levoglucosan in these samples reflect the local biomass burning, as 

the elevated levoglucosan levels were measured concurrently with the 

Texas-Oklahoma wildfires. 

Levoglucosan 
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(d) Trehalose 
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Figure 9. Monthly individual concentrations of major sugars: (a) levoglucosan, (b) 
glucose, (c) sucrose and (d) trehalose, in aerosol samples collected at three sites in 
Texas (San Augustine, Clarksville and Dallas) from November 2005 to July 2006. 

Glucose was the second most abundant sugar, contributing between 5% and 

39% of measured sugar mass. As the growing season proceeded, concentrations of 

glucose in Clarksville increased from 10 ng/m3 in January to a maximum of 43 ng/m3 

in May. After that, a strong decrease followed, with a much lower concentration of 12 

ng/m3 measured in July. The same trend was observed at the San Augustine and the 

Dallas site, although not as strong. These changes seem to reflect the sugar production 

in ecosystem, with major synthesis of primary sugars early in the growing season 

(Medeiros et al., 2006a). 

Sucrose was significant only in the spring (March and April). It is the 

predominant sugar in the phloem of plants and is particularly important in developing 

flower buds (Bieleski, 1995). The strong decrease of sucrose amounts after April was 
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probably due to the translocation of sugars to other parts of the plants for supporting 

growth in spring (van Doom, 2004). 

Trehalose and saccharide polyols have been documented as useful tracers for 

soil input to atmospheric particles in regions impacted by erosion or agricultural 

activities (Simoneit et al., 2004). Little trehalose was detected in early spring, and 

concentrations of trehalose significantly increased in the summer season. One 

explanation is that a good portion of aerosol trehalose is originating from biogenic 

sources like soil and associated microbiota, since trehalose is an important fungal 

metabolite and has been found to be only prevalent in early autumn soils (Simoneit et 

al., 2004; Medeiros et al., 2006b). This trend was more pronounced for the rural sites 

compared to Dallas. This further supports the hypothesis that soil organic matter is a 

larger contribution factor to aerosol sugar contents at the rural sites than at the urban 

site. 
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(C) 
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Figure 10. Seasonal variation of sugar polyols at two rural sites - (a) San Augustine, 
(b) Clarksville, and one urban site - (c) Dallas, from November 2005 to July 2006. 

Glycerol, mannitol and arabitol were the most abundant sugar polyols, 

representing 82-94% of the total sugar polyol mass measured. Concentration of all 

sugar polyols (except glycerol) decreased from November to a minimum in January 
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and February, and then steadily increased as the growing season progressed, with peak 

levels in June and July. Sugar polyols, mainly mannitol and arabitol, are major fungal 

polyols in many green-algal lichens (Dahlman et al., 2003) as well as important 

constituents of bacteria, fungi, and lower plants (Bieleski, 1982). The prevalence of 

sugar polyols in summer and early autumn seemed to indicate an increase in 

contributions from microbially degraded materials during the period of leaf 

senescence and decay (Medeiros et al., 2006a). This conclusion is supported by the 

concurrent enhancement of trehalose during this period, since both sugar polyols and 

trehalose have been reported as important fungal metabolites (Martin et al., 1988; 

Sillje et al., 1999). The only exception to this observed trend was glycerol. 

Concentrations of glycerol did not seem to follow the same seasonal variation, and 

one potential explanation is the possibility that glycerol in aerosols has other constant 

and more dominant sources than microbial input. Graham et al.(2002) had reported a 

high correlation of aerosol glycerol with black carbon (BC), organic carbon (OC) and 

potassium (K) at representative pasture and primary rainforest sites in Rondonia, 

Brazil, suggesting a combustion source may dominate for atmospheric glycerol. At 

the mean time, arabitol, mannitol, sorbitol, and trehalose did not correlate with BC, 

OC, or K in that study, indicating combustion sources are not dominant contributor 

for those sugar polyols in aerosols. 
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4.2.3 Correlation Analysis 

Pearson's correlation test was performed for the dataset containing ambient 

concentrations of 10 sugar compounds in aerosol samples collected at San Augustine, 

Clarksville and Dallas site, and results are summarized in Table 8. Sugar polyols 

mannitol, arabitol and sorbitol show strong correlation with the disaccharide trehalose 

(r~0.7). Most of the sugar polyols were also well correlated among one another, 

especially among mannitol, arabitol and sorbitol (r=0.7~0.9), suggesting these sugar 

polyols shared common dominant sources. This correlation test serves as a statistic 

support to our earlier conclusion that concentrations of sugar polyols (mainly 

mannitol, arabitol and sorbitol) and trehalose in aerosols increased concurrently in 

summer and early autumn as a result of fungal metabolism from microbial input 

during this period. Weaker correlation was established between glucose and most 

sugars. These findings are consistent with the observations of Medeiros et al.(2006b), 

who found mannitol was highly correlated to trehalose, and glucose fairly correlated 

with most sugars. Weaker correlation was found between glycerol and trehalose, and 

glycerol with other major sugar polyols. However, glycerol did show some correlation 

with levoglucosan, indicating a possible common source. Since levoglucosan is a key 

tracer for biomass burning, this result also suggests combustion sources may be 

another important contributor to glycerol in aerosols. Furthermore, all correlations 

shown in this study were stronger for aerosol samples from Clarksville and San 

Augustine (rural sites) and weaker for samples from the Dallas site (urban), meaning 

local biogenic sources have less influence on sugars in aerosols at the urban site than 
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at the rural site. 

Table 8. Correlation coefficients among 10 sugar compounds in aerosols collected at 3 
sites 

Trehalose 
San Augustine 
Trehalose 
Glucose 
Levoglucosan 
Sucrose 
Sorbitol 
Mannitol 
Arabitol 
Ribitol 
Iso-Erythritol 
Glycerol 

Clarksville 
Trehalose 
Glucose 
Levoglucosan 
Sucrose 
Sorbitol 
Mannitol 
Arabitol 
Ribitol 
Iso-Erythritol 
Glycerol 

Dallas 
Trehalose 
Glucose 
Levoglucosan 
Sucrose 
Sorbitol 
Mannitol 
Arabitol 
Ribitol 
Iso-Erythritol 
Glycerol 

1 
0.43 
-0.08 
-0.01 
0.63 
0.82 
0.71 
0.06 
0.35 
-0.06 

1 
0.51 
-0.06 
-0.08 
0.64 
0.78 
0.64 
-0.01 
0.60 
-0.02 

1 
0.60 
0.07 
0.22 
0.58 
0.35 
0.49 
0.00 
0.08 
0.04 

Glucose 

1 
-0.02 
0.35 
0.43 
0.59 
0.53 
-0.10 
0.46 
0.12 

1 
0.24 
0.38 
0.57 
0.63 
0.59 
-0.28 
0.51 
0.28 

1 
0.20 
0.50 
0.63 
0.35 
0.57 
0.08 
0.21 
0.12 

Levoglucosan 

1 
0.51 
0.03 
-0.24 
0.07 
0.35 
-0.02 
0.29 

1 
0.38 
0.04 
-0.03 
0.03 
-0.06 
0.11 
0.26 

1 
0.48 
0.00 
-0.31 
-0.21 
0.33 
0.34 
0.53 

Sucrose 

1 
0.06 
-0.12 
0.09 
0.11 
0.03 
0.11 

1 
0.02 
0.06 
0.05 
-0.11 
-0.07 
0.00 

1 
0.24 
-0.03 
-0.07 
0.12 
0.15 
0.51 

Sorbitol 

1 
0.67 
0.75 
0.34 
0.39 
0.08 

1 
0.78 
0.90 
0.21 
0.63 
0.14 

1 
0.50 
0.66 
0.02 
0.20 
0.15 

Mannitol 

1 
0.88 
-0.01 
0.57 
-0.04 

1 
0.85 
-0.18 
0.71 
0.06 

1 
0.64 
-0.20 
0.00 
-0.23 

Arabitol 

1 
0.38 
0.66 
0.04 

1 
0.24 
0.71 
0.23 

1 
-0.09 
0.26 
-0.11 

Ribitol 

1 
0.08 
0.08 

1 
-0.14 
0.05 

1 
0.27 
0.31 

Iso-Erythritol Glycerol 

1 
0.17 1 

1 
0.19 1 

1 
0.25 1 

* level of significance a=0.05 (two-tailed test) 

4.3 Soil Sugars 

A limited number of soil samples taken at the two rural sites (San Augustine 

and Clarksville) in summer 2006 were analyzed to examine the sugar composition in 

soil to investigate if some correlation between sugars in soil and aerosol could be 

determined. 
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The sugar content of soil samples collected at the two rural sites on different 

dates is summarized in Table 9. The relative contribution of each sugar compound to 

the total sugar content measured in the soil samples is illustrated in Figure 11. 

Table 9. Sugar composition in soil samples collected at two rural sites in Texas - San 
Augustine (7/7/2006) and Clarksville (6/27/2006 and 8/29/2006). Sugar 
concentrations listed are in mg/Kg. 

Sample Date 
Glucose 
Levoglucosan 
Sucrose 
Trehalose 
Sorbitol 
Mannitol 
Arabitol 
Ribitol 
Iso-Erythritol 
Glycerol 
Total 

San Augustine 
7/7/2006 

0.31 
0.03 
0.17 
12.23 
0.01 
0.27 
0.19 
0.10 
0.01 
0.28 
13.30 

Clarksville 
6/27/2006 

0.68 
0.05 
0.17 
37.46 
0.02 
0.15 
0.10 
0.07 
0.01 
0.84 
38.85 

8/29/2006 
5.31 
0.23 
0.22 

40.35 
0.07 
0.61 
0.14 
0.08 
0.00 
2.22 

43.92 

Trehalose was the most abundant sugar in all soil samples, which contributed 

to more than 90% of the total sugar mass. This is consistent with previous 

observations (Hackl et al., 2000; Medeiros et al., 2006b). Sugar polyols were the 

second most abundant group of sugars, of which glycerol, mannitol and arabitol were 

the major contributors. Sucrose and levoglucosan were not significant at either site. 

As sucrose is the predominant sugar in the phloem of plants, and is particularly 

important in developing flower buds (Bieleski, 1995), it is expected only in early 

spring. Levoglucosan is a thermal alteration product of cellulose, mainly coming from 

wood combustion. Therefore it was not surprising to see a low concentration of 

levoglucosan in soil. 
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Total sugar concentration was higher in Clarksville soil than in San Augustine 

soil, with the largest difference being the concentration of trehalose (Table 9). 

Trehalose is widely present in bacteria, yeast, fungi, algae, a few plants, and 

invertebrates (Elbein, 1974). It is a stress protectant against dehydration and freezing, 

as well as osmostress and carbon starvation (Niederer et al., 1992; Sillje et al., 1999). 

Lower concentration of trehalose in San Augustine soils indicates a lower soil organic 

content, or more specifically, less active microbial populations. This is consistent with 

the aerosol trehalose concentrations, as well as the total aerosol sugar mass, that were 

measured to be generally higher in Clarksville than in San Augustine (Table 7 and 

Figure 9), supporting the hypothesis that local soil organic matter as a key source to 

the sugar content of aerosols. 

At the same time, sugar composition in the soil samples was slightly different 

at the two rural sites. The most noticeable difference was the relative abundance of 

different sugar polyols. For example, glycerol was more enriched in Clarksville soils 

than in San Augustine soils. All sugar polyols have been documented as fungal 

metabolites from soil organic matter (Martin et al., 1988; Sillje et al., 1999), but 

biomass burning was proposed as another important source for glycerol (Graham et 

al., 2002). Therefore, the enrichment of glycerol in Clarksville soils may suggest local 

soils in Clarksville were more impacted by combustion sources (e.g., burning of 

residue vegetation and grass in agricultural fields). 

Comparison of two Clarksville soil samples taken at different time of the year 

is also interesting (Figure 11 (b) and (c)). From the end of June to the end of August, 
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concentrations of total sugars increased, reflecting the contributions of leaf 

senescence and increasing microbial activity that impacts soil organic matter 

(Medeiros et al., 2006a). Trehalose and mannitol were both enhanced as a result of 

stressed microbial cells in soils to adjust water deficiency and salt stress in early fall 

(Niederer et al., 1992; Sillje et al., 1999). Concentration of glycerol increased, 

possibly because of the burning of residue vegetation and grass in nearby agricultural 

fields. Enhancement of glucose was also observed in the early fall sample. A likely 

explanation is the decomposition of fallen leaf material into simple sugar (i.e., glucose) 

during this period. 

(a) Sugar Composition in Soil - San Augustine 
(7/7/2006) 
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(b) Sugar Composition in Soil - Clarksville 
(6/27/2006) 

(c) Sugar Composition in Soil - Clarksville 
(8/29/2006) 

Figure 11. Pie charts of sugar composition in soil samples collected at two rural sites 
in Texas - San Augustine (7/7/2006) and Clarksville (6/27/2006 and 8/29/2006). 
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4.4 Potential Molecular Markers 

Comparison of the sugar composition in both fine particles and soil samples 

shows that some sugar compounds may serve as potential molecular markers for soil 

organic matter input into the atmosphere. Potential markers include sucrose, trehalose, 

mannitol, arabitol, sorbitol and glycerol. Overall, these sugar compounds are present 

in both media, with specific relative concentrations that vary by season. Also, they are 

almost uniquely coming from soil and associated microbiota. In particular, sucrose 

could be a biomarker for soil inputs in spring; trehalose, mannitol, arabitol, and 

sorbitol could be a group of molecular markers for soil compartment in summer and 

fall; glycerol may be an indicator of agricultural burning residues from soil. 

Rationales for this proposal were specified in the previous sections (4.1 and 4.2), 

therefore not listed here. However, validation of this proposal needs more future work 

(see section 5.2). 
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CHAPTER 5 

5. Conclusions and Future Work 

5.1 Conclusions 

Sugar content was determiend for aerosol samples (<2.5 um) collected at two 

rural sites (San Augustine and Clarksville) and one urban site (Dallas) in Texas, as 

part of the Texas Air Quality Study II. Ten sugar compounds including 

monosaccharides (glucose, levoglucosan, mannitol, arabitol, sorbitol, ribitol, 

iso-erythritol and glycerol) and disaccharides (sucrose and trehalose) were quantified 

using GC-MS after converting them to their silylated derivatives. Two extraction 

methods using different solvent suites were applied to identical samples, and it was 

determined that the combination of dichloromethane and methanol was able to extract 

sugars with greater efficiency, while the commonly used solvent suites for extracting 

non-polar organic compounds was less effective. Extraction using the second solvent 

combination also had poor reproducibility, as indicated by very high RSD values. 

Therefore, the first solvent suite is recommended for quantitative sugar analysis in 

aerosol samples. 

The organic carbon content and total carbon content of aerosol samples was 

determined for data collected from January to May 2006. The OC value at all three 

sites ranged from 1.57 to 12.88 ug(C)/m3, with an average of about 4 ug(C)/m3. 

Greater OC value, OC/TC and sugar/OC ratio were found at San Augustine and 

Clarksville, indicating a larger contribution of sources rich in organic carbon, more 
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specifically, biomass burning and soil organic matter, compared to the urban location. 

A more constant OC/TC ratio at San Augustine and Clarksville relative to Dallas 

suggested the urban atmosphere was more influenced by different and varying sources. 

Also, analysis of the monthly sugar/OC ratios showed two trends with the seasonality 

of source intensities - elevated sugar/OC ratios from February to April seemed to 

reflect biomass burning and the enriched sugar contents in soil during this period. 

Again, this trend was less pronounced at Dallas due to the effect of other major 

sources. 

A detailed examination of the sugar content in aerosol showed ambient 

concentrations ranged from 22 to 164 ng/m . Total concentrations at all three sites 

have indicated an impact from local wildfires, since higher concentrations were 

observed during the Texas-Oklahoma wildfire period (November 2005 - April 2006). 

As a key tracer for smoke particulate matter from biomass combustion, levoglucosan 

was significantly enhanced during this period as well (2-3 times higher than mean). 

Levoglucosan was also the most abundant sugar (14-82% of the total sugar mass 

measured) at all three sites, but its abundance greatly decreased as the wildfire season 

ended in May. Sugar composition in aerosols also presented a seasonal variation 

separate from the impact of biomass burning. Two important primary sugars in plant 

development, glucose and sucrose, were prevalent as the growing season proceeded. 

Glucose was the second most abundant sugar (5% to 39% of measured sugar mass), 

and its maximum concentration was observed in May. Sucrose, important in 

developing flower buds, was only significant in March and April. Contrary to this 
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trend, trehalose and sugar polyols, including mannitol, arabitol, sorbitol, ribitol and 

iso-erythritol, were more abundant in summer and early autumn. Since trehalose and 

sugar polyols have been documented as important fungal metabolites, this could have 

meant an increased input from microbially degraded materials in sources like soil and 

associated microbiota during the period of leaf senescence and decay. An exception to 

this trend was glycerol, whose concentration in aerosols may also have been impacted 

by combustion sources. A statistical correlation test further proved trehalose and 

major sugar polyols shared common dominant sources by showing strong correlations 

between trehalose and sugar polyols (mainly mannitol, arabitol and sorbitol), as well 

as between various sugar polyol species. 

Another important observation was made by comparing sugar contents in 

aerosols samples at our three different sites. Total sugar concentrations were generally 

higher at rural sites (93 ng/m3 on average) than at the urban site (55 ng/m3 on average). 

Also, seasonal trends of sugar composition, for both intensity and relativity, were also 

weaker at the urban site (Dallas) compared to the rural sites (San Augustine and 

Clarksville). One possible explanation is a smaller influence on sugars in aerosols 

from local sources, especially soil organic matter, at the urban site. 

To further understand the source contribution of soil organic matter to aerosol 

sugar contents, a limited number of soil samples were taken at the two rural sites (San 

Augustine and Clarksville) during the summer of 2006. Trehalose was found to be the 

most abundant sugar in all soil samples, contributing to more than 90% of the total 

sugar mass measured. Sugar polyols (mainly glycerol, mannitol and arabitol) were 
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also significant at this time of year. Little sucrose and levoglucosan were present in 

the summer soil samples. Total sugar concentration was higher in Clarksville soil than 

in San Augustine soil, with the largest difference being the concentration of trehalose, 

indicating a lower soil organic content, or more specifically, less active microbial 

populations in San Augustine soils. This finding is supported by the observation of a 

lower total sugar mass as well as lower trehalose concentration in aerosols samples 

collected at San Augustine. At the same time, sugar composition in soils was slightly 

different at the two rural sites. The enrichment of glycerol in Clarksville soils may 

suggest local soils in Clarksville were more impacted by combustion sources (e.g., 

burning of residue vegetation and grass in agricultural fields) (Graham et al., 2002). 

Comparison of two Clarksville soil samples showed an increase of total sugar 

contents from the end of June to the end of August, reflecting he contributions of leaf 

senescence and increasing microbial activity (Medeiros et al., 2006). Specifically, the 

enhancement of trehalose and mannitol were resulted from stressed microbial cells in 

soils to adjust water deficiency and salt stress in early fall (Niederer et al., 1992; Sillje 

et al., 1999). An increase of glycerol concentration was possibly from residue of 

vegetative burning in nearby agricultural fields. An enrichment of glucose in soils can 

be explained by the decomposition of fallen leaf into simple sugar (i.e., glucose) in 

this early fall sample. 

In general, the sugars in aerosol samples taken at the three locations in Texas 

were impacted by both biomass burning and soil organic matter. The seasonal 

variations in the sugar composition in aerosol samples were concurrent with the 
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seasonal change of sugar production and utilization by plants and microbiota in soils, 

indicating a strong contribution from soil organic matter. Analysis of soil samples at 

the two rural locations supported this observation by showing similar sugar 

composition and correlated sugar production when compared to the sugar content in 

local aerosol samples. Several sugar compounds (sucrose, trehalose, arabitol, sorbitol 

and glycerol) are therefore proposed as potential molecular markers for the source 

contribution from agricultural soils and associated microbiota to the ambient fine 

particles. 

5.2 Future Work 

A majority of this work has been done to quantify sugar contents in ambient 

fine particles. With this work, the seasonal variation in the aerosol sugar composition 

was determined and two main contributing sources were evaluated. At the same time, 

the analytical procedure was optimized for future reference by comparing two 

commonly used sample extraction methods. However, there are some limitations to 

this work. For example, the sampling period did not cover the whole year and fine 

particle samples from the fall season were missing. Also, soil samples were only 

collected in selected days in summer, and no additional information was available to 

characterize the source contribution from soil in other seasons. Therefore, future work 

to characterize the seasonality of sugar content in both fine particles and soils, a 

longer sampling schedule that covers a complete year, and more soil samples should 
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be taken to represent the seasonal change in soil organic matter. 

This work could also be expanded in several other ways. First, the analytical 

procedure for the measurement of sugars in fine particles and soils can be refined and 

validated in the future by testing and comparing more solvent combinations for 

sample extraction. The method recommended in the work achieved an approximate 

recovery efficiency of 80%, showing room for improvement. Simultaneous detection 

and quantification of other polar compounds may also yield important results. 

Secondly, specific molecular markers need to be tested for tracking the 

entrainment of agricultural soils to the atmosphere. This study has shown sucrose, 

trehalose, mannitol, arabitol, sorbitol and glycerol as potential markers for soil input 

into the ambient fine particles. They are present in both fine particles and soils, with 

amounts that vary in different times of the year. With additional samples to further 

characterize the composition and seasonality of sugars in both media, a suite of sugar 

compound markers can be developed for source attribution. Before that, laboratory 

stability studies should also be conducted to determine the atmospheric stability of 

these potential molecular markers. 

Finally, the contribution of entrainment of agricultural soils to ambient levels 

of PM2.5 could possibly be calculated by performing Chemical Mass Balancing (CMB) 

or Positive Matrix Factorization (PMF) calculations using the ambient and source data 

generated. CMB and PMF have been successfully used to resolve contributions of 

different sources to ambient fine particle compositions given an appropriate number 

of molecular markers (Buzcu et al., 2003; Fraser et al., 2003a-b; Bhat and Fraser, 
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2007). By adding the unique molecular markers from agricultural soils, the source 

inventory of PM2.5 will be further refined. By performing CMB or PMF calculations, 

we can determine if the source contribution from agricultural soils has been well 

represented in existing inventories. 
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