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“There are things known and there are things unknown and in between there are The

Doors ”

Jim Morrison (1943-1971)
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Abstract

Characterization, Seasonality and Source Apportionment of Fine Particulate 

Organic Matter at Urban and Rural Sites

Ambient particulate matter (PM) is mainly composed of carbonaceous material, 

inorganic salts and crustal minerals and PM is regulated by the National Ambient Air 

Quality Standards (NAAQS). The role of PM on human health is the driving force behind 

the NAAQS regulating atmospheric levels of PM. On an average, organic carbon (OC) is 

about one-third of the total ambient PM mass. About 55% of primary OC is emitted from 

fossil fuel burning and is a mix of many individual organic compounds of varying 

volatility (Seinfeld and Pankow, 2003).

Other contributors to PM include secondary OC and EC. Secondary OC results 

from oxidation of gas-phase species or from condensation of gas-phase species on 

existing particles and is often referred to as secondary organic aerosol (SOA). Elemental 

carbon (EC) is about 3% of the total PM mass, is non-volatile and exists in particle phase. 

Sources of fine organic PM (primary OC, EC and SOA) include gasoline and diesel- 

powered vehicle emissions, wood smoke, road dust and oxidation and nucleation of 

gaseous precursors to form secondary organic aerosols (SOA).

To better understand the sources of organic PM and the effect of SOA on PM 

levels, samples of fine particulate matter were collected outside Durham, NC in the Duke 

Research Forest as part of the CELTIC study in July 2003. Particulate samples were 

collected on quartz filters using high volume air sampling equipment, and samples were 

analyzed for polar and non-polar organic species. Among compounds analyzed, oxidation
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products of a-pinene, namely pinic acid and pinonic acid, were identified in all samples. 

Pinic acid and pinonic acid have low vapor pressures, of the order of 10' 7  Torr, and are 

expected to contribute significantly to secondary organic aerosol (SOA) formation from 

the oxidation o f a-pinene (Koch et al., 2000). Source contribution estimates from primary 

organic aerosol emissions were computed using measured organic species as molecular 

markers with the chemical mass balance (CMB) model. The unapportioned organic 

carbon (OC) was determined as the difference between measured OC and OC 

apportioned to primary sources. This unapportioned OC was then correlated with pinic 

and pinonic acid. The correlations between unapportioned OC and pinic and pinonic

9  9acids were r = 0.33 (p-value =0.64) and r = 0.42 (p-value = 0.16), respectively. Given 

the large number of possible SOA precursors this moderate to good fit between pinic acid 

and pinonic acid concentrations with unapportioned OC is indicative of the major 

contribution of a  -pinene oxidation products to secondary formation at this sampling site. 

The results are significant considering the role of monoterpene emissions to global 

atmospheric chemistry. These results were used as a basis of a second study investigating 

the use of pinic acid and pinonic acid as molecular markers for secondary formation 

using source apportionment. This hypothesis was explored for an urban and a rural site in 

Texas as part of the second sampling campaign, the Texas Air Quality (TexAQS) II 

study.

In the TexAQS II study, fine PM sources were first characterized more broadly, 

creating a framework to evaluate the effectiveness of pinic and pinonic acid as SOA 

markers. To better understand the differences in speciation, seasonality and primary 

source contributions to OC mass at urban and rural sites, fine particulate matter samples
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were collected in Dallas and San Augustine, Texas, as part of the Texas Air Quality 

(TexAQS) II study. Samples were collected every third day for a 7-month period, and 

were analyzed for both polar and non-polar organic species. Molecular markers were 

used to estimate the contribution of different sources to PM 2.5 mass and organic carbon 

(OC) at each site. Receptor models were applied to a set of molecular markers for each 

site. Positive Matrix Factorization (PMF) was used to identify important factors 

representing source categories at the sites. Five factors were identified for both Dallas 

and San Augustine with differing contributions to PM 2.5 mass and OC. The factors 

identified are 1 ) motor vehicles, including gasoline and diesel-powered vehicles, 2 ) wood 

combustion, 3) secondary organic aerosols (SOA) identified using pinic and pinonic acids 

as markers, 4) plant wax and 5) meat cooking. PMF parameters and residuals were within 

the acceptable Q-values, indicating valid model performance.

The Chemical Mass Balance (CMB) model was used to estimate sources 

contributions to OC in Dallas and San Augustine airsheds. These source contribution 

estimates were in turn used to calculate the unapportioned OC based on OC contributions 

to each source. A strong correlation was observed between measured ambient 

concentrations and concentrations calculated using CMB. The average r2 of 0.74 and chi- 

squared value of 7.8 was acceptable. Mobile sources were a major contributor at Dallas, 

which is expected for an urban site, followed by meat cooking, plant wax and wood 

combustion. About one-third of OC was unapportioned for Dallas and half of OC was 

unapportioned for San Augustine. Contrary to what was observed for the first sampling 

program at Duke Forest, North Carolina, pinonic acid and pinic acid concentrations were 

not in good agreement with unapportioned OC at both the Texas sites. Several
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explanations for this are possible, including use of only a-pinene specific photooxidation 

products as molecular markers for secondary formation; omission of certain primary 

sources, not isolated by PMF, for CMB source apportionment and significant differences 

in the vegetation types for Texas and North Carolina sites. In these two studies, pinic acid 

and pinonic acid were effective as molecular markers for secondary formation in North 

Carolina where a-pinene emissions were dominant among all monoterpenes, but not in 

Dallas and San Augustine, where other sources dominated SOA mass.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Acknowledgements

I would like to thank my advisor Dr. Matthew Fraser for his expert mentorship 

and for providing me with this great opportunity. My interactions with Matt helped me 

polish this dissertation into its current form. Besides our research interactions, I have 

learnt so much from him about various aspects of life. Thanks for trusting me all this 

while.

Special thanks to Sandra Baylor, Department Coordinator and Robert Dawson, 

Department Administrator, Civil and Environmental Engineering, for their help and 

support during my stay at Rice. I would also like to thank my group mates here at Rice, 

both past and present, for their academic help and valuable research input. David, for 

your help with gas chromatography when I started; Bimur, for your help with PMF and 

CMB; Yuling and Andrea, for your company during our numerous visits to Austin, 

Clarksville, Dallas and Austin. My friends, Amit and Chandu, with whom I’ve shared 

countless hours debating India, life, cricket, bollywood, and myriad of other issues, 

thanks for being great buddies.

I dedicate this dissertation to my family, who were more elated than me on its 

completion. My father, Kanhaya and my mother, Dulari, who have had a profound 

influence on my life and without whom none of this would have been possible; Shivas 

and Nidhi, the best brother and sister-in-law in the whole world; Maha, Rajeev, Priyanka 

and Neha, the great times we spent together, I shall treasure forever; My wife, Samihita, 

for her love, support and encouragement.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



ix

Table of Contents

List of T ables..........................................................................................................................xii

List of F igures........................................................................................................................xiii

Chapter 1

Introduction...........................................................................................................................1

1.1 Particulate Matter .............................................................................................................1

1.2 Molecular Markers .......................................................................................................... 3

1.3 Research O bjective........................................................................................................... 4

1.4 Approach ...........................................................................................................................4

1.4.1 Ambient Sam pling............................................................................................4

1.4.2 A nalysis............................................................................................................. 5

References

Chapter 2

Background and Literature R ev iew ................................................................................11

2.1 Sources of Particulate M atter........................................................................................... 11

2.1.1 Primary PM ....................................................................................................... 11

2.1.2 Secondary PM ...................................................................................................13

2.2 Extraction and Analysis Review ......................................................................................16

2.3 Molecular Marker Review.................................................................................................18

2.4 Chemical Mass Balance (C M B )..................................................................................... 20

2.4 Positive Matrix Factorization (PMF) ..............................................................................24

References

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chapter 3

Primary Source Attribution and Analysis of a-Pinene Photooxidation Products at
Duke Forest, North Carolina..............................................................................................34

3.1 Introduction ....................................................................................................................... 34

3.2 M ethods..............................................................................................................................35

3.2.1 Ambient Sam pling............................................................................................35

3.2.2 A nalysis............................................................................................................. 36

3.3 Results and D iscussion.................................................................................................... 37

3.3.1 n-Alkanes ..........................................................................................................38

3.3.2 Petroleum Biom arkers.....................................................................................40

3.3.3 n-Alkanoic and n-Alkenoic a c id s .................................................................. 40

3.3.4 a  -Pinene Photooxidation Products ................................................................ 41

3.3.5 Levoglucosan ................................................................................................... 42

3.4 Chemical Mass Balance (CMB) A nalysis......................................................................42

3.5 Conclusions .......................................................................................................................44

References

Chapter 4

Characterization and Seasonality of Fine Particulate Matter at Rural and Urban
sites During TexAQS II .......................................................................................................57

4.1 Introduction........................................................................................................................ 57

4.2 Site Description..................................................................................................................58

4.3 Ambient Sampling and Analysis..................................................................................... 59

4.4 Organic Speciation and Seasonal Variation...................................................................60

4.4.1 OC/EC ............................................................................................................... 60

4.4.2 n- A lkanes..........................................................................................................62

4.4.3 Petroleum Biomarkers...................................................................................... 65

4.4.4 Levoglucosan.................................................................................................... 66

4.4.5 n-Alkanoic and n-Alkenoic acids .................................................................. 67

4.4.6 Pinic and Pinonic acids.................................................................................... 68

4.5 Conclusions .......................................................................................................................69

References

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chapter 5

Source Apportionment of Fine Particulate Organic Carbon at Dallas and San 
Augustine During TexAQS I I ............................................................................................91

5.1 Introduction ......................................................................................................................91

5.2 Ambient Sampling and Chemical Analysis ................................................................ 92

5.3 Positive Matrix Factorization (PMF) Analysis ........................................................... 93

5.4 Chemical Mass Balance (CMB) A nalysis.....................................................................97

5.5 Conclusions.......................................................................................................................99

References

Chapter 6

Data Interpretation of Texas and North Carolina Sites for

Secondary Formation...........................................................................................................113

6.1 Introduction........................................................................................................................ 113

6.2 Correlation of Particulate Organic and Elemental Carbon...........................................113

6.3 Pinic acid, Pinonic acid and Unapportioned OC........................................................... 115

6.3.1 Effect of Relative Humidity.............................................................................115

6.3.2 Effect of Temperature...................................................................................... 116

6.3.3 a-Pinene Emissions...........................................................................................117

6.4 Use of Molecular Markers for Secondary Form ation.................................................. 118

6.5 Conclusions ....................................................................................................................... 120

6.5.1 Data Interpretation........................................................................................... 123

6 . 6  Suggestions for Future Research..................................................................................... 126

References

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



xii

List of Tables

3.1 Average ambient concentrations of organic compounds.............................................46

3.2 Comparison of n-alkane concentrations.........................................................................47

3.3 Comparison of a-pinene photooxidation product concentrations.............................. 47

4.1 Ambient PM 2 .5 , EC and O C .............................................................................................71

4.2 Ambient mean concentrations of organic aerosols...................................................... 72

4.3 Comparison of n-alkane concentrations.........................................................................73

4.4 Average biogenic contribution to n-alkanes...................................................................73

4.5 CPI comparisons............................................................................................................... 73

5.1 Average source contributions to OC m ass..................................................................... 101

6.1 Average OC, EC and secondary O C ...............................................................................127

6.2 Relative humidity d a ta ......................................................................................................127

6.3 Temperature data................................................................................................................127

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



List of Figures

2.1 a-Pinene and ozone reaction pathways........................................................................... 26

3.1 Particulate OC and E C ...................................................................................................... 48

3.2 Source contribution to OC (using C M B )........................................................................48

3.3 Particulate OC, EC, unapportioned OC, pinic acid and pinonic ac id .........................49

3.4 Correlation of pinic acid and pinonic acid, with measured and unapportioned OC 50

4.1 Map showing San Augustine and Dallas sampling locations....................................  74

4.2 (a) Average monthly concentration profiles for PM2.5, EC and OC for D allas 75

4.2 (b) Average monthly concentration profiles for PM 2 .5 , EC and OC for

San Augustine.....................................................................................................................75

4.3 (a) EC/OC correlation for D allas..................................................................................... 76

4.3 (b) EC/OC correlation for San Augustine.......................................................................76

4.4 Odd-carbon preference for Dallas and San Augustine.................................................. 77

4.5 CPI and % plant wax n-alkane correlation for San Augustine..................................... 77

4.6 (a) Weekday and weekend timing effect for n-alkanes at D allas................................78

4.6 (b) Weekday and weekend timing effect for n-alkanes at San Augustine................. 78

4.7 Seasonal variations in total n-alkanes concentrations................................................... 79

4.8 Seasonal variations in total hopanes concentrations..................................................... 79

4.9 (a) Weekday and weekend timing effect for hopanes at Dallas.................................  80

4.9 (b) Weekday and weekend timing effect for hopanes at San Augustine.................. 80

4.10 Seasonal variations for levoglucosan at Dallas and San Augustine........................  81

4.11 (a) Weekday and weekend timing effect for polar species at Dallas......................  81

4.11 (b) Weekday and weekend timing effect for polar species at San Augustine  81

4.12 Seasonal variations in total n-alkanoic acids concentrations..................................  82

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



xiv

4.13 Seasonal variations in octadecenoic acid concentrations.......................................... 82

4.14 Seasonal variations in pinic acid concentrations........................................................ 83

4.15 Seasonal variations in pinonic acid concentrations...................................................  83

5.1 Measured and apportioned OC mass for Dallas and San Augustine (PM F)  102

5.2 Source profiles for Dallas (PM F)...................................................................................  103

5.3 Source profiles for San Augustine (PMF).....................................................................  104

5.4 Contribution to individual species (PMF).....................................................................  105

5.5 Seasonal contributions to OC mass (PM F)................................................................... 106

5.6 Measured and apportioned species concentrations (CMB)......................................... 107

5.7 Source contributions to OC mass (C M B).....................................................................  108

5.8 Correlation between unapportioned OC and pinic acid ..............................................  109

5.9 Correlation between unapportioned OC and pinonic acid .......................................... 110

6.1 OC-EC correlation............................................................................................................  128

6.2 OC and EC trends.............................................................................................................  129

6.3 QC/EC ratio trends...........................................................................................................  130

6.4 Pinic and pinonic acid seasonality.................................................................................  131

6.5 Effect of relative humidity on pinic and pinonic acid.................................................  132

6 . 6  Effect of temperature on pinic and pinonic acid ..........................................................  133

6.7 Secondary OC, pinic and pinonic acid correlation....................................................... 134

6 . 8  Unapportioned OC and pinic acid..................................................................................  135

6.9 Unapportioned OC and pinonic acid.............................................................................. 136

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



1

Chapter 1 

Introduction

1.1 Particulate Matter

Ambient particulate matter in the atmosphere affects climate by absorbing and 

scattering solar radiation and also by influencing the formation of clouds (Christoffersen 

et al., 1998). Ambient aerosols also play a significant role in human respiratory tract 

diseases and mortality (Dockery et al., 1993; Pope et al., 1995). This role of particulate 

matter (PM) on human health is the driving force behind the National Ambient Air 

Quality Standards (NAAQS) regulating atmospheric levels of PM. The NAAQS has an 

annual average standard of 15 pg m' and also a 24-hours standard of 35 pg m~ for

p m 25.

The impacts of particulate matter on health, the planetary radiation budget and 

formation of cloud condensation nuclei are all strongly dependent on particle size (Zhang 

et al., 2004). Atmospheric particle sizes range in diameter from a few nanometers to 

micrometers and often contain a complex mixture of chemical species (Seinfeld and 

Pankow, 2003). Particulate matter of diameter less than 2.5 pm are of main concern as 

their size allows them to easily penetrate deep in the lungs where they have been shown 

to cause adverse health effects, as opposed to larger particles which are mostly removed 

in the upper respiratory tract (Miller et al., 1979; Dockery et a l, 1993; USEPA 2006).

Atmospheric PM is mainly composed of carbonaceous material, inorganic salts 

and crustal minerals. It is easy to measure and quantify the inorganic fraction of PM
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mass. However, due to its complexity, measuring the organic fraction poses certain 

analytical difficulties, which in turn make it difficult to model and predict the physio- 

chemical and concentration distribution of organic species in ambient PM.

Carbonaceous PM can be divided into organic carbon (OC) and elemental carbon 

(EC). EC is also referred to as black carbon and exists only in the particle phase, and is 

non-volatile. EC is generally thought to originate from primary emissions, which makes it 

a useful tracer for emission sources to ambient PM. OC, on the other hand, is a mixture of 

numerous individual organic species having varying chemical and thermodynamic 

properties which makes it difficult to use a single technique for their measurement and 

analysis.

PM may either be directly emitted into the atmosphere (primary PM) or formed 

from atmospheric chemical reactions (secondary PM). Both primary and secondary PM 

can be of either natural or anthropogenic origin. Dominant local sources and meteorology 

can have a strong influence on contributions of primary or secondary PM on ambient PM 

levels. Particulate organic material emitted directly into the atmosphere is called primary 

organic aerosol (POA), and fossil fuel combustion and biomass burning are good 

examples of primary organic aerosol sources. On the other hand, particulate organic PM 

formed as a result of oxidation of certain volatile organic compounds (VOC) is referred 

to as secondary organic aerosol (SOA). Globally, 45% of EC and 55% of primary OC is 

estimated to be emitted from fossil burning (Seinfeld and Pankow, 2003). The remainder 

of the primary OC and EC is from biomass burning.

SOA are formed when VOC are oxidized in the atmosphere forming low volatility 

compounds which then condense. SOA are also formed by the nucleation and 

condensation of low volatility gas-phase species. The oxidized product species are
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generally less volatile because adding an oxygen molecule typically reduces volatility. In 

general, only those primary organic molecules with six or more carbon atoms are capable 

of producing condensable oxidized products. Species with fewer carbon atoms generally 

produce non-condensible oxidized products. In rural areas biogenic YOC are estimated to 

be a dominant source of precursor hydrocarbons for SOA formation whereas in urban 

areas anthropogenic sources are dominant (Seinfeld and Pankow, 2003).

1.2 Molecular Markers

Molecular markers or organic tracers are unique compounds that can be used to 

differentiate the contributions of different sources to the ambient environment. To be 

useful, a single source should dominate production of each marker (Kowalczyk et al., 

1978). Organic tracers have been useful in source apportionment studies for PM 

(Kleinman et al., 1980). Molecular markers must be stable under long-range transport 

conditions from source to receptor location (Fraser and Lakshmanan, 2000), and 

represent the chemical signature of the sources studied (Schauer et al., 1996). 

Levoglucosan is used as a tracer for wood combustion (Simoneit et al., 1999); n-alkanes, 

hopanes and PAHs are used as tracers for motor vehicle emissions (Prahl et al., 1984; 

Rogge et al., 1993); n-alkenoic acids are used as tracers for meat cooking emissions 

(Rogge et al., 1991). In recent years organic tracers have been used to apportion sources 

of chemical species in ambient air quality studies (Fraser et al., 2003; Park et al., 2005; 

Buzcu et al., 2006; Hellen et al., 2006).
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1.3 Research Objectives

The objective of the documented research focuses on quantifying fine particulate 

organic compounds contained in ambient PM 2.5 mass and determining the spatial and 

seasonal variations. This will provide data to use in receptor modeling to determine the 

source contributions and source profiles for the sampling sites i.e. which sources are 

contributing to PM 2.5 levels. Two receptor models, namely Chemical Mass Balance 

(CMB) and Positive Matrix Factorization (PMF) were used to analyze the ambient 

organic molecular marker data. This was used to generate source contribution estimates 

and source profiles for each site and to compare source contributions to organic carbon at 

rural and urban sites. The ultimate goal of this research is a better understanding of what 

factors and sources influence regional air quality.

1.4 Approach

1.4.1 Ambient Sampling

As part of the first sampling program, ambient fine particulate samples were 

collected from the Blackwood division of Duke Forest, located outside Durham, NC daily 

between July 10, 2003 and July 23, 2003 as part of the “Chemical Emission, Loss, 

Transformation and Interactions within Canopies” (CELTIC) study. The major types of 

vegetation in the forest consist mainly of pine and pine-hardwood. The most common 

species of pine found in the area are loblolly, shortleaf and Virginia pine. Results and 

discussion for this study are summarized in Chapters 3 and 6 .

For the second sampling program, ambient samples from a rural and an urban site 

in Texas were collected as part of the Texas Air Quality Study (TexAQS) II sampling
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campaign. TexAQS II is an integrated air quality field study investigating PM and PM 

precursor transport across the eastern half of Texas. The rural site is located in San 

Augustine and the urban site is in Dallas. Results from TexAQS II are discussed in 

Chapters 4, 5 and 6 .

For both studies, particulate samples were collected on pre-baked quartz filters 

using a high volume PM sampler (Andersen, Smyrna, GA) equipped with a high volume 

virtual impactor inlet (MSP, Minneapolis, MN).

1.4.2 Analysis

The samples collected on filters were extracted with hexane, benzene and 

isopropanol under ultrasonic agitation to recover organic molecular markers important in 

tracing primary emission sources (Yue et al., 2004). Benzene used for extraction was 

redistilled to remove trace levels of any contaminants present. The extract was 

concentrated using a rotary vacuum evaporator and analyzed by gas chromatography 

(GC) -  mass spectroscopy (MS) for individual marker compounds. Authentic standards 

for target analytes were used for compound identification and quantification. For some 

compounds, a surrogate standard of the same compound class was used to estimate 

instrument response.

Non-polar species including n-alkanes, polycyclic aromatic hydrocarbons (PAHs) 

and hopanes and polar species including organic acids, levoglucosan and a-pinene 

photooxidation products such as pinic and pinonic acid were targeted for analysis. These 

compounds have been used previously in studies of primary and secondary PM formation 

(Jang et al., 1999; Engling et al., 2006).
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PMF was used to generate source profiles and to estimate contributions of 

primary sources to ambient concentrations. PMF is a multivariate receptor model used to 

analyze statistical trends in ambient data sets and uses physically meaningful limitations 

to isolate two separate matrices representing the source profile matrix and source 

contribution matrix. Application of PMF to generate source profiles and identify the 

dominant sources is discussed in Chapter 5.

The CMB model was used to generate the source contribution estimates based on 

measured marker species and representative source profiles. CMB is a univariate receptor 

model, which estimates the source contribution to PM 2.5 mass. It is one of several 

receptor models that are currently in use for air quality studies, and uses the chemical 

components of PM measured at the source and receptor to identify and quantify source 

contributions to receptor concentrations. The chemical composition of source profiles 

used for CMB was obtained from literature reports that used similar chemical analysis 

techniques to those used in the analysis of ambient PM in this study. The sources to be 

included in the model were selected based on the site characteristics and PMF-generated 

source profiles. CMB apportionment results were used to investigate the correlation 

between pinic and pinonic acids and unapportioned organic carbon levels in the samples. 

The results are discussed in Chapters 3, 5 and 6 .

The background work and literature review for studies undertaken is discussed in 

Chapter 2. Overall outcome and a comparison of results from CMB and PMF along with 

recommendations for future work are discussed in Chapters 6 .

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



References

Buczu, B. and Fraser, M. P. (2006) Source identification and apportionment of volatile

organic compounds in Houston, TX. Atmos. Environ. 40, 2385-2400.

Christoffersen, T. S.; Hjorth, J.; Horie, O.; Jensen, N. R.; Kotzias, D.; Molander, L. L.;

Neeb, P.; Ruppert, L.; Winterhalter, R.; Virkkula, A.; Wirtz, K.; Larsen, B. R. 

(1998) cis-Pinic acid, a possible precursor for organic aerosol formation from 

ozonolysis of a  -pinene. Atmos Environ. 32,1657-1661.

Dockery, D. W.; Pope, A. C.; Xu, X.; Spengler, J. H. W.; Fay, M. E.; Ferris, B. G.;

Speizer, F. E. (1993) An association between air pollution and mortality in six 

United States cities. N  Engl. J  Medicine. 329, 1753-1759.

Engling, G.; Herckes, P.; Kreidenweis, S. M.; Malm, W, C.; Collett, J. L. Jr. (2006)

Composition of fine organic aerosol in Yosemite National Park during the 2002 

Yosemite aerosol characterization study. Atmos. Environ. 40, 2959-2972.

Fraser, M. P. and Lakshmanan, K. (2000) Using Levoglucosan as a molecular marker for

the long-range transport of biomass combustion aerosols. Environ. Sci. Technol. 

34, 4560-4564.

Fraser, M. P.; Yue, Z. W.; Buzcu, B. (2003) Source apportionment of pine particulate

matter in Houston, TX, using organic molecular markers. Atmos. Environ. 37, 

2117-2123.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Hellen, H.; Hakola, H.; Pirjola, L.; Laurila, T.; Pystynen, K. H. (2006) Ambient air

concentrations, source profiles, and source apportionment of 71 different C2-C10 

volatile organic compounds in urban and residential areas of Finland. Environ.

Sci. Technol. 40, 103-108.

Jang, M. and Kamens, R. M. (1999) Newly characterized products and composition of

secondary aerosols from the reaction of a-pinene with ozone. Atmos. Environ. 33, 

459-474.

Kleinman, M. T.; Pasternack, B, S.; Eisenbud, M.; Kneip, T. J. (1980) Identifying and

estimating the relative importance of airborne particulates. Environ. Sci. Technol. 

14, 62-65.

Kowalczyk, G. S.; Choquette, C. E.; Gordon, G. E. (1978) Chemical element balances

and identification of air pollution sources in Washington, D. C. Atmos. Environ. 

12, 1143-1153.

Miller, F. J.; Gardner, D. E.; Graham, J. A.; Lee, R. E. Jr; Wilson, W. E.; Bachmann, J.

D. (1979) Size considerations for establishing a standard for inhalable particles.

J. Air Poll Control Assoc. 29, 610-615.

Park, S. S.; Kim, Y. J. (2005) Source contributions to fine particulate matter in an urban

atmosphere. Chemosphere 59, 217-226.

Pope, C.A.; Thun, M.J.; Namboodiri, M.M.; Dockery,D.W.; Evans, J.S.; Speizer, F.E.;

Heath, C.W. (1995) Particulate air pollution as a predictor of mortality in a 

prospective study of United States adults. Am. J. Resp. Critical Care Med. 151, 

669-674.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Prahl, F. G.; Crecellus, E., Carpenter, R. (1984) Polycyclic aromatic hydrocarbons in

Washington coastal sediments: an evaluation of atmospheric and riverine routes o 

of introduction. Environ. Sc. Technol. 18, 687-693.

Rogge, W. F.; Hildemann, L. M.; Mazurek, M. A.; Cass, G. R.; Simoneit, B. R. T. (1991)

Sources of fine organic aerosol. 1. Charbroilers and meat cooking operations. 

Environ. Sci. Technol.25, 1112-1125.

Rogge, W. F.; Hildemann, L. M.; Mazurek, M. A.; Cass, G. R.; Simoneit, B. R. T. (1993)

Sources of fine organic aerosol. 2. Noncatalyst and catalyst-equipped 

automobiles and heavy-duty diesel trucks. Environ. Sci. Technol.21, 636-651.

Schauer, J. J.; Rogge, W. F.; Hildemann, L. M.; Mazurek, M. A.; Cass, G. R.; Simoneit,

B. R. T. (1996) Source apportionment of airborne particulate matter using 

organic compounds as tracers. Atmos. Environ. 30, 3837-3855.

Seinfeld, J. H.; Pankow, J. F. (2003) Organic atmospheric particulate matter. Annu. Rev.

Phys. Chem. 54, 121-140.

Simoneit, B. R. T.; Schauer, J. J.; Nolte, C. G.; Oros, D. R.; Elias, V. O.; Fraser, M. P.;

Rogge, W. F.; Cass, C. R. (1999) Levoglucosan, a tracer for cellulose in biomass 

burning and atmospheric particles. Atmos. Environ. 33, 173-182.

US EPA Federal Register 71, 2620-2708.

Yue, Z. and Fraser, M. P. (2004) Polar organic compounds measured in fine particulate 

matter during TexAQS 2000. Atmos. Environ. 38, 3253-3261.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



10

Zhang, R.; Suh, I.; Zhao, J.; Zhang, D.; Fortner, E. C.; Tie, X.; Molina, L. T.; Molina, M.

J. (2004) Atmospheric new particle formation enhanced by organic acids. Nature. 

304, 1487-1489.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



11

Chapter 2 

Background and Literature Review 

2.1 Sources of Particulate Matter

The chemical composition of ambient fine PM in the urban and rural atmosphere 

is dependent on emissions from terrestrial, marine and various anthropogenic sources.

PM may be either directly emitted into the atmosphere (primary PM) or may be formed 

by nucleation or condensation of gaseous species on existing particles (secondary PM) 

(Seinfeld and Pankow, 2003).

2.1.1 Primary PM

Primary fine PM can have either natural or anthropogenic sources. Fine PM is 

defined as mass of particles with aerodynamic diameter less than or equal to 2.5 pm. Fine 

PM is primarily emitted from combustion sources as opposed to coarse PM, which is 

mainly from crustal sources. Fossil fuel combustion, biomass and residential wood 

combustion, meat coking, road, tire and brake abrasion are anthropogenic sources of 

primary PM and suspension of soil particles and plant debris are of natural origin 

(Jacobson et al., 2000). Primary PM from natural sources has a distinctive n-alkane 

signature and exhibit odd carbon number predominance from C27 to C33 (Simoneit, 1984). 

These are more important in remote locations rather than urban areas where they account 

for only a small fraction of total fine PM (Mazurek et al., 1991). Biomass and fossil fuel 

burning are the two most important sources of primary organic particles globally.
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Wood combustion emissions generally include organic and elemental carbon. 

Levoglucosan is emitted in large quantities and is used as an indicator to trace wood 

combustion (Simoneit et al., 1999). Levoglucosan is conserved over long distances and 

hence is also used to trace long-range transport (Fraser and Lakshmanan, 2000).

In urban areas, motor vehicle emissions account for significant amount of primary 

fine organic particles (Rogge et al., 1993). Automobile exhaust contains a wide variety of 

chemical species, including n-alkanes, petroleum biomarkers, benzoic acids and number 

of other cyclic, polycyclic and aromatic compounds in fine particulate fraction.

Petroleum compounds such as hopanes are emitted with gasoline-powered vehicles and 

are used as tracers for gasoline emissions. They are distinctively present in automotive 

lubricating oils. Diesel vehicles emit more fine particulate matter compared to gasoline- 

powered vehicles. Diesel soot or EC is used to differentiate between diesel and gasoline 

emissions. Diesel vehicles have a higher EC/OC ratio compared to gasoline vehicles.

Charbroiling and meat cooking are also significant contributors to fine particulate 

organic matter. In Los Angeles area, about 21% of primary fine particulate organic matter 

is due to meat cooking operations (Rogge et al., 1991). n-alkanoic and n-alkenoic acids 

are major constituents of meat cooking in particulate phase.

Plant leaf surfaces are biogenic sources of fine particulate matter referred to as 

vegetative detritus. Emissions are mostly in the form of primary organics. N-alkanes from 

C25 to C40 are commonly emitted by leaf surfaces and exhibit odd carbon preference with 

maximum occurring at C2 9 . The determination of Cmax is the strongest indicator of 

anthropogenic versus recent biogenic input (Azevedo et al., 1999). Higher wind speed 

and lower humidity facilitate more abrasion of plants and emission of higher plant wax 

alkanes from plant vegetation (Zheng et al., 2000).
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2.1.2 Secondary PM  

a - Pinene Photooxidation Products

Secondary particle formation is also an important source of ambient fine PM. In 

forming SOA, both anthropogenic and biogenic precursors are important. For biogenic 

SOA, terrestrial vegetation release substantial amounts of non-methane hydrocarbons 

(NMHC), mostly isoprene and monoterpenes, to the atmosphere (Rasmussen et al., 1988; 

Guenther et al., 1991). It is estimated that total biogenic hydrocarbon emissions, 850 Tg 

yr"1 OC easily exceeds emissions from anthropogenic sources, 125 Tg of OC annually 

(Hoffmann et al., 1997). Terpenes are a class of compounds made up of units of isoprene, 

which has the molecular formula CsHs. The basic molecular formula of terpenes are 

multiples of (CsHg),, where n is the number of linked isoprene units. This is called the 

isoprene rule or the C5 rule. Isoprene units may be linked together to form linear chains 

or they may be arranged to form rings (Mann et al., 1994). As chains of isoprene units are 

linked, the resulting terpenes are classified sequentially by size as hemiterpenes (C5), 

monoterpenes (CIO), sesquiterpenes (C l5), diterpenes (C20), sesterterpenes (C25), 

triterpenes (C30), and tetraterpenes (C40). Monoterpenes consist of two isoprene units 

and have the molecular formula C 10H 16. Monoterpenes may be linear (acyclic) or contain 

rings(cyclic). Pinene is an example of a monoterpene. There are two structural isomers 

found in nature: a-pinene and P-pinene (Newman, 1972). Both forms are important 

constituents of pine resin. The emissions from deciduous (hardwood/broadleaf) trees such 

as oak, poplar, aspens and willows comprise mainly of isoprene, whereas coniferous 

(softwood) woodland such as pine trees, cedars, redwood and firs emit predominantly 

monoterpene. Monoterpenes are important constituent of biogenic NMHC emissions, 

estimated to account for 20% of total biogenic NMHC emissions in North America and
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about 11% worldwide biogenic NMHC emissions (Guenther et a l,  1995; Guenther et al.,

1998). Among biogenic emissions from vegetation, 50 Tg of a-pinene is emitted per year, 

which is almost 45% of the estimated global annual emission of monoterpenes (Seinfeld 

and Pankow, 2003; Lathiere et al., 2005). Monoterpenes are highly reactive since their 

electron-rich double bonds undergo rapid free-radical addition with OH' and NO3 ' 

radicals and can also react with ozone (O3). Monoterpenes emitted by vegetation are 

photo-oxidized in the presence of ozone, hydroxyl radical and nitrate radical to form 

secondary organic acids such as pinic and pinonic acid (Figure 2.1). These large 

quantities of secondary organic aerosols are of importance due to cloud condensation 

nuclei formation and other atmospheric chemical processes (Kavouras et al., 1998).

The atmospheric chemistry of these biogenic VOC has received much attention 

since the amount of biogenic VOC emitted globally is large compared to anthropogenic 

VOC and also because of the high reactivity of unsaturated biogenic VOC (Guenther et 

al., 1995). Although most of the oxidation products of isoprene and monoterpenes remain 

in the gaseous phase, some less volatile organic species partition between gas and particle 

phase and accumulate in the condensed phase. This partitioning results in a contribution 

to ambient PM. It has been established that oxygenated products of monoterpene 

oxidation can form secondary organic aerosols (SOA) by self-nucleation process (Jang 

and Kamens, 1999), as well as through partitioning to existing organic particulate matter 

(Odum et a l,  1996). The SOA forming potential is higher for cyclic hydrocarbons such 

as a -pinene and A-3-carene, most likely due to the formation of polyfunctional oxidation 

products (Hoffmann et al., 1997).

The most abundant aerosols in acidic fraction are pinic and pinonic acid 

(Kavouras, et a l, 1998). a  -pinene reaction with O3 has the highest rate constant followed
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by OH and nitrate radicals. (Hoffmann et al., 1997). Pinic and Pinonic acid are formed 

primarily by the reaction of ozone with a  -pinene (Yokouchi and Ambe, 1985; Hakola et 

al., 1994). The formation of low volatility carboxylic diacids (e.g. pinic acid and pinonic 

acid) from a-pinene- O3 reaction provides important implications for the formation of 

selfnucleating biogenic aerosols. The same cannot be explained by the presence of 

pinonaldehyde or other mono-carboxylic acids, since their vapor pressures are relatively 

high. Vapor pressures of organic compounds dramatically decrease with the addition of 

oxygenated functional groups to the molecular structure (Jang and Kamens, 1999). Pinic 

acid, being a dicarboxylic acid, has a low vapor pressure of 3 x 10"7 Torr, which is about 

three orders of magnitude lower than vapor pressure of mono-carboxylic acids; Pinonic 

acid has a vapor pressure of 6  x 10"6 Torr. Hence, they are expected to partition to the 

particle phase at ambient temperatures and contribute significantly to SOA formation. It 

is estimated that about 40% of a-pinene oxidizes in presence of O3 out of which 50% 

decomposes into acetone, formaldehyde and other products with the remainder 

undergoing hydrolysis to form pinonic acid and pinonaldehyde (Jenkin et al., 2000). A 

separate series of decomposition and peroxy or alkoxy radical addition reactions lead to 

the formation of pinic acid. Parameters such as relative humidity, temperature and aerosol 

mass loading are important factors that determine the total aerosol yield. Formation of 

pinonic acid decreases with an increase in relative humidity whereas an opposite effect is 

observed for pinic acid in laboratory studies (Fick et al., 2003). Aerosol yields are a 

function of the total organic aerosol mass concentration and temperature (Hoffmann et 

al., 1997). Diesel soot particles, under certain conditions have also been found to affect 

the SOA formation from a -pinene photooxidation (Lee et al., 2004).
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SOA mass can be a significant contributor to fine particulate mass values in rural 

areas and the associated impacts on visibility and human health effects (Went, 1960; 

Dockery et a l,  1993; Pope et al., 1995). SOA may also have an impact on the radiation 

budget and also serve as cloud condensation nuclei (Christoffersen et al., 1998). The 

atmospheric chemistry of biogenic hydrocarbons, in addition to forming SOA, also serves 

as a source of tropospheric ozone and hydroxyl radicals (Larsen et al., 2001). The 

oxidation mechanism is very complex and lead to multiple products, which are generally 

reactive and difficult to identify.

Although the aerosol formation potential of biogenic VOC has been established, 

there still is a huge uncertainty in quantifying the magnitude of biogenic contribution to 

the total aerosols in the atmosphere (Hoffmann et al., 1997). An important part of the 

uncertainty is the lack of understanding of importance of anthropogenic versus biogenic 

particle contribution for secondary aerosol formation.

A number of laboratory studies have investigated the formation of organic acids 

and other oxygenated species in the reaction of various oxidants with monoterpenes 

(Hakola et al., 1994; Hoffmann et al., 1998). The first sampling program, discussed in 

detail in Chapter 3, is an effort to quantify these oxygenates in ambient samples and 

proposes a method to estimate the contribution of biogenic SOA, particularly 

photooxidation products of a-pinene, to the total ambient aerosol concentration.

2.2 Extraction and Analysis Review

For detailed organic speciation, fine particulate samples are collected on quartz 

fiber filters using a high-volume sampler. Before use, the quartz filters are baked at
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550 °C for 8  hours to remove any residual carbon contamination. Following sampling, the 

filters are stored in pre-fired borosilicate glass jars and frozen until analysis (Fraser et al.,

1999).

Before extraction the filters are spiked with a known quantity of standard 

recovery mixture to calculate the extraction efficiency (Mazurek et al., 1987). Samples 

are extracted three times in hexane and twice in 2 : 1  benzene: isopropanol mixture by 

mild ultrasonic agitation for 15 minutes each, at room temperature. After each sonication 

step, the extract is collected into a single flask using a vacuum line for transfer (Mazurek 

et al., 1987). The combined extract is reduced to a volume of 1 to 2 ml by rotary vacuum 

distillation. The extract is further reduced to a final volume of 200 to 300 pi by gentle 

solvent evaporation with a stream of nitrogen (Mazurek et al., 1987; Fraser et al., 2002). 

One microliter (1 pi) of the final extract is analyzed by GC-MS using 1-phenyldodecane 

(1-Pd) as a co-injection standard. The instrument response to 1-Pd is a measure of proper 

injection into the GC-MS (Fraser et al., 1999). Multiple injections of authentic standards 

are used to determine the relative response factors (RRF) and retention times for 

individual organic compounds (Mazurek et al., 1987).

RRF Cone, std 
PeakArea, std

x PeakArea,1 -  Pd 
Cone,I -  Pd

(2.1)

This RRF is used to quantify organic compounds in each sample extract.

Polar compounds are difficult to identify and quantify, as they are easily lost to the GC 

column surface. It thus becomes important to derivatize such compounds and then 

analyze the derivatives. A two-step derivatization method is used to identify and detect

-C = 0 , -OH and -COOH species. The method consists of using O- (2,3,4,5,6- 

pentafluorobenzyl) hydroxyl amine (PFBHA) and N, O-bis (trimethylsilyl)-trifluoro
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acetamide (BSTFA). The carbonyl group species react with PFBHA to form oxime 

derivatives and hydroxyl and carboxylic acid groups react with BSTFA to form 

trimethylsilyl (TMS) derivatives (Yu et al., 1998). The derivatized extract is then run 

through GC-MS where compounds show well-separated peaks.

2.3 Molecular Marker Review

Molecular markers or organic tracers are unique compounds that can be used to 

differentiate the contributions of different sources to the ambient environment. These 

compounds are distinctively present in emissions from some source types but not others. 

These tracer compounds in fine particulate organic matter are measured in ambient 

samples using gas chromatography (GC) coupled with mass spectroscopy (MS). Some 

molecular markers include hopanes from lubricating oil in motor vehicles, elemental 

carbon (EC) for diesel exhaust, lignins from wood combustion, n-alkanoic and n-alkenoic 

acids from meat charbroiling and high molecular weight n-alkanes (odd carbon) for plant 

wax. To be useful, a single source should dominate ambient concentration of those 

markers (Kowalczyk et al., 1978). Organic tracers have been useful in source 

apportionment studies for PM (Kleinman et al., 1980). Molecular markers are stable 

under long-range transport conditions from source to receptor location (Fraser and 

Lakshmanan, 2000), and represent the chemical signature of the sources studied (Schauer 

et al., 1996).

Hopanes and steranes have been used as tracers for petroleum used in motor 

vehicles. These are molecular fossils present in crude petroleum, n-alkanes, hopanes and 

PAHs are used as tracers for motor vehicle emissions (Prahl et al., 1984; Simoneit, 1985, 

Rogge et al., 1993). Hopanes are present in lubricating oil used by both gasoline and
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diesel powered vehicles. To differentiate between gasoline and diesel engine exhaust, it 

has been found that diesel exhaust contains a higher fraction of elemental carbon 

compared to gasoline exhaust. So based on the ratio of EC to other petroleum biomarkers, 

it s possible to separate the two sources (Hildemann et al., 1991). High molecular weight 

PAHs have also been used as tracers for motor vehicle exhaust (Schauer et al., 1996). But 

PAHs are less specific since they can be produced by combustion of many different fuels.

Wood combustion emissions generally include organic and elemental carbon. 

Levoglucosan is emitted in large quantities and is used as an indicator to trace wood 

combustion (Simoneit et al., 1999). Levoglucosan is conserved over long distances and 

hence is also used to trace long-range transport (Fraser and Lakshmanan, 2000).

Meat cooking operations contribute about one-fifth to the total ambient PM mass 

in urban areas (Rogge et al., 1991). Particulate emissions are a result of volatilization and 

dispersion of meat fat dripping onto the charbroiler. N-alkanoic and n-alkenoic acids are 

major constituents of meat cooking in particulate phase. Important molecular markers 

used for this source are fatty acids derived from meat such as hexadecanoic acid, 

octadecanoic acid and particularly octadecenoic acid.

Plant leaf surfaces are biogenic sources of fine particulate matter referred to as 

vegetative detritus. Wax particles present on leaf surfaces break off and become entrained 

into the atmosphere (Cass, 1998). Emissions are mostly in the form of primary organics. 

N-alkanes from C25 to C4 0  are commonly emitted by leaf surfaces and exhibit odd carbon 

preference with maximum occurring at C2 9 . The determination of Craax is the strongest 

indicator of anthropogenic versus recent biogenic input (Azevedo et al., 1999). Plant wax 

n-alkanes exhibit odd-carbon number predominance, a saw tooth pattern. These wax 

particles are a significant fraction of ambient fine particulate mass in rural areas while
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they are only minor contributors to PM in urban areas. Higher wind speed and lower 

humidity facilitate more abrasion of plants and emission of higher plant wax alkanes 

from plant vegetation (Zheng et al., 2000). High molecular weight n-alkanes C27 to C34  

are used as tracers for this source (Simoneit and Mazurek, 1982).

Secondary particle formation is also an important source of ambient fine PM. In 

forming SOA, both anthropogenic and biogenic precursors are important. The most 

abundant biogenic aerosols in acidic fraction are pinic and pinonic acid (Kavouras, et al., 

1998). Pinic and Pinonic acid are formed primarily by the reaction of ozone with 

a  -pinene (Yokouchi and Ambe, 1985; Hakola et al., 1994). These secondary products 

are used as molecular markers for biogenic SOA precursor source.

Organic chemical tracers have been used to apportion source contributions to fine 

particulate mass concentrations (Schauer et al., 1996; Schauer and Cass, 2002). 

Estimation of relative source contributions using receptor modeling is based on chemical 

mass balance, which is a linear sum of all organic species from different contributing 

sources. Thus, at least one tracer for a particular source must be included in the data set to 

reduce the risk of attributing some fraction of fine PM mass to a wrong source (Cass, 

1998). In recent years organic tracers have been used to apportion sources of chemical 

species in ambient air quality studies (Fraser et al., 2003; Park et al., 2005; Buzcu et al., 

2006; Hellen et al., 2006)

2.4 Chemical Mass Balance (CMB)

Due to the complexity of the atmosphere, it is important to have methods to assist 

in the identification of sources and the apportionment of the observed pollutant
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concentrations to their original primary sources. Such methods are called receptor- 

oriented or receptor models since they are focused on the behavior of the ambient 

environment at the point of impact. This is the opposite approach taken by source- 

oriented dispersion models that focus on the transport, dilution and transformations 

downwind of an emission source and follow the pollutants to the sampling or receptor 

site. CMB is a receptor model that has been widely used for air quality studies to estimate 

the source contributions to PM mass. CMB uses measured pollutant concentrations, along 

with source information, to apportion the contributions of primary sources to the 

measured concentrations. The model solves linear equations that express each receptor 

chemical concentration as a sum of products of source profile abundances and source 

contributions (Watson e ta l ,  1984; 1990; 1991; Hidy and Venkataraman, 1996). The 

model fits speciated data from a single source or group of sources to pollutant data 

collected at a particular receptor. The source profile abundances (mass fraction) and the 

receptor concentrations (with appropriate uncertainty estimates) are inputs to the model. 

The model output consists of the estimated source contribution from each modeled source 

type represented by a profile, as well as the contribution of each source to each chemical 

species. The source profile matrix gives speciated composition of the source and the 

source contribution matrix gives the contribution of source to the atmospheric 

concentrations. CMB also calculates the uncertainties of those modeled concentration 

values. Fundamental to this approach, receptor models assume mass conservation, and 

this allows the model to identify and apportion sources of ambient PM in the atmosphere. 

However, this also limits the ability to track secondary species.
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A mass balance equation can be written to account for all m chemical species in 

the n samples as contributions from p  independent sources:

sample. The above equation can be solved in different ways depending on the 

information available. If the number and nature of the sources in the region are known (p 

and and, then the only unknown is the mass contribution of each source to each sample, 

fkj, which is then solved by using weighted least squares method (Miller et al., 1972). 

Effective variance weighting includes the uncertainty in the measurement of the source 

profiles as well as uncertainties in ambient concentrations (Watson, 1979). This permits 

the calculation of uncertainties in the mass contributions as calculated by the CMB 

model. The effective variance weights are given as:

where, u, is the measured uncertainty in the ambient concentration x, and is the 

measured uncertainty for element i emitted by source k (Watson et al., 1991). Thus, the 

variance weights are dependent on the values of the regression coefficients, and an 

iterative algorithm is used to solve the problem.

P

(2 .2)
k= 1

where xi} is the ith elemental concentration measured in the j th sample, c,-* is the 

gravimetric concentration of the Ith element in the material from the kth source, and % is 

the airborne mass concentration of material from the kth source contributing to the j th
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The general mass balance equation with the error term is given by:

p
c m  = X a (jk)sdk) + eaj) (2-4)

k= 1

where the concentration of chemical species i in the fine particles at receptor site j  (Q )  is 

reconstructed as a linear combination of contributions to total fine particle mass 

concentrations at receptor site j  from source k ( o , j k )  with known composition profiles (s(ik)) 

(Watson et al., 1991). Using the uncertainty of pollutant concentrations and source 

profiles to weight influence of each measurement, the optimum solution is found by 

minimizing the error term, which represents the difference between the ambient 

concentration of each component in each sample and the reconstructed ambient 

concentration of marker compounds (Watson et al., 1991).

CMB does not account for the chemical reactions that occur between the source 

and receptor as chemical species add linearly. This is a severe limitation when 

apportioning secondary PM, which is an important component of ambient particles. CMB 

quantifies contributions from chemically distinct source-types rather than contributions 

from individual emission sources. As a result, sources with similar chemical and physical 

properties cannot be distinguished from each other by CMB. The source profiles that best 

explain the ambient measurements may differ from one sample to another due to 

differences in emission rates, wind directions, and changes in emissions compositions. 

CMB is intended to complement rather than replace other data analysis and modeling 

methods. CMB helps explain observations that have been made; it does not predict 

ambient impacts from sources, as do dispersion models. CMB has been extensively used 

to apportion primary source contributions to ambient PM (Zheng et al., 2002; Fraser et 

al., 2003).
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2.5 Positive Matrix Factorization (PMF)

PMF is a multivariate receptor model, which performs analysis of ambient data 

and separates matrices that represent the source profile and the source contribution. As a 

result, PMF can be used to generate both source profiles and contributions of these source 

profiles to ambient concentrations. In general, all receptor models are of the form:

p
Cjk = J a uS jk + backgrounds + errors (2.5)

7=1

In the application of a chemical mass balance model, the composition of all contributing 

sources should be known to solve the equation. However, in most cases exact source 

compositions are not known either because the emissions are difficult to sample or 

because a single source class consists of numerous small sources having varying 

compositions. For these applications, a multivariate receptor approach must be used. 

Multivariate receptor models overcome uncertainty in source composition by using the 

ambient data to estimate both the source contributions and the source compositions as 

well. This is done by correlating the information contained in a data set of observed 

species and assuming that species from the same source will be highly correlated. These 

ambient correlations are then used to estimate the source composition of each 

contributing source.

Multivariate receptor models are often represented as matrix separation problems

where:

X= GF + E (2.6)

and X is a n x m  data matrix with n measurements and m number of elements, E is a 

n x m  matrix of residuals, G is a n x p  source contribution matrix with p sources, and F is
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a p x m  source profile matrix. There are a potentially infinite number of possible 

solutions to this bilinear factor analysis problem as rotations of the G matrix and F matrix 

(Henry, 1987). Positive Matrix Factorization (PMF) provides a solution that minimizes 

an object function, Q (E), based upon uncertainties for each observation (Paatero, 1997). 

This function is defined as

n m

Q(E) = I  £
i- 1  M

t'
' 8 ik f  ki
k=  1 (2.7)

where uy is an uncertainty estimate in the j tn element measured in the ith sample. The 

receptor modeling problem is then to minimize Q (E) with respect to G and F with the 

constraint that each of the elements of G and F is to be non-negative. This problem is 

solved iteratively as a weighted linear least squares problem (Paatero and Tapper, 1993). 

One of the matrices, G or F, is taken as known and the chi-squared is minimized with 

respect to the other matrix. Then the role of G and F are reversed so that the matrix that 

has just been calculated is fixed and the other is calculated by minimizing Q (E). This 

process continues until convergence. PMF has been successfully used in various ambient 

PM studies (Kim et al., 2003; Buzcu et al., 2003; Zhao et al., 2004).
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Chapter 3

Primary Source Attribution and Analysis of a -Pinene Photooxidation Products in

Duke Forest, North Carolina1

3.1 Introduction

Among biogenic emissions from vegetation, 50 Tg of a-pinene are emitted per 

year, which is almost 45% of the estimated global annual emission of monoterpenes 

(Seinfeld and Pankow, 2003; Lathiere et a l, 2005). These emissions can affect the 

atmospheric chemistry of trace gases in areas with dense forest cover. It has been 

established that oxygenated products of monoterpenes oxidation can form SOA by a self- 

nucleation process (Jang and Kamens, 1999), as well as through partitioning to existing 

organic particulate matter (Odum et a l, 1998). This SOA mass can be a significant 

contributor to fine particulate mass values in rural areas and can have associated impacts 

on visibility and human health effects (Went, 1960; Dockery et a l,  1993; Pope et a l,  

1995). SOA may also have an impact on the radiation budget and also serve as cloud 

condensation nuclei (Christoffersen et a l,  1998). The atmospheric chemistry of biogenic 

hydrocarbons, in addition to forming SOA, also serves as a source of tropospheric ozone 

and hydroxyl radicals (Larsen et a l,  2001).

The oxidation products of a-pinene, like pinic acid and pinonic acid, have low 

vapor pressures and thus can saturate and readily nucleate, compared to carbonyl 

oxidation products, which have a higher vapor pressure. Since marker species to track 

the formation of secondary organic particulate matter do not exist, an alternate approach

"]■ —           || i ...... .
Reference: Bhat, S and Fraser, M. P. A tm ospheric  Environm ent, 2007, 41, 2958-2966
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must be taken. Using chemical mass balancing techniques and proven organic markers 

for primary sources (Schauer et a l,  1996; Schauer et al., 2000), contributions of primary 

sources to ambient fine particulate organic carbon can be made. Then the difference 

between the measured ambient fine organic carbon and the attributed primary organic 

carbon can be used as a surrogate for secondary organic aerosol formation. Prior work 

has shown that there is a correlation between unapportioned organic carbon and species 

formed in the oxidation of gaseous hydrocarbons (Schauer et al., 2002). In this work, we 

compare the correlation between oxidation products of a-pinene to unapportioned organic 

carbon to determine if this technique can be used to estimate SOA formation in the 

oxidation of a-pinene.

3.2 Methods

3.2.1 Ambient Sampling

Ambient samples were collected from the Blackwood division of Duke Forest, 

located outside Durham, NC. The major types of vegetation in the forest consist mainly 

of pine and pine-hardwood. The most common species of pine found in the area are 

loblolly, shortleaf and Virginia pine.

Particulate samples were collected on pre-baked quartz filters using a high 

volume particulate matter sampler (Andersen, Smyrna, GA) equipped with a 2.5 pm inlet 

(High Volume Virtual Impactor; MSP, Minneapolis, MN). Fine particulate samples were 

collected daily between July 10, 2003 and July 23, 2003 as part of the “Chemical 

Emission, Loss, Transformation and Interactions within Canopies” (CELTIC) study. 

Particulates were collected on quartz fiber filter that had been baked at 550 °C for 8  hours
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to lower the carbon blanks before use for actual sampling. After sampling was over, the 

filters were stored in pre-baked glass jars and kept frozen below -4  °C.

3.2.2 Analysis

Samples were analyzed following a well-established analytical procedure that will 

only be summarized here (Mazurek et al., 1987; Yue et al., 2004). The chemicals used 

for extraction and quantification of the samples were:

Hexane (Optima grade, Fisher), benzene (99%, Acros), 2-propanol (Optima grade, 

Fisher), O- (2,3,4,5,6-pentafluorobenzyl) hydroxyl amine (PFBHA) (98%, Aldrich),

N, O-bis (trimethylsilyl)-trifluoro acetamide (BSTFA) (99% derivatization grade, 

Aldrich), acetonotrile (HPLC grade, Fisher), methylene chloride (Optima grade, Fisher), 

palmitic acid (99%, Fluka), stearic acid (99.5%, Fluka), oleic acid (99%, Sigma),

5 a-cholestane (98%, Acros), 1,6-Anhydro-Beta-D-glucopyranose (99%, Acros), pinic 

acid (Sigma-Aldrich library of rare chemicals), cis-pinonic acid (98%, Aldrich).

Before extraction, the filters were spiked with a known quantity of internal 

standard to quantify the extraction recovery efficiencies. The filters were extracted with 

3 -  30 ml aliquots of hexane and 2 -  30 ml aliquots of 2:1 benzene: isopropanol under 

ultrasonic agitation for about 20 minutes for each aliquot (Fraser et al., 2002). Benzene 

used for extraction was redistilled to remove trace levels of any contaminants present.

The extract was concentrated using a rotary vacuum evaporator to about 1000 pi. A slow 

nitrogen stream was used to reduce the final extract volume to about 200 pi. Prior to 

extraction the filters were spiked with a known amount ( 2 0  pi) of perdeuterated standard 

to quantify the extraction recovery efficiency. The average recovery efficiency was 62% 

for n-alkanes, and 63% for carboxylic acids (measured as 60% for hexadecanoic acid;
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79% for decanoic acid-d!9 and 50% for hexanoic acid-dn). Carboxylic acids were 

derivatized using PFBHA and BSTFA before GC was performed. In this two-step 

derivatization method, PFBHA reacts with carbonyls and BSTFA reacts with carboxylic 

acid and hydroxyl groups to form trimethylsilyl (TMS) derivatives (Yu et al., 1998).

The extracts were analyzed by gas chromatography (GC) -  mass spectroscopy 

(MS) using a Hewlett -  Packard (HP) 6890 GC and a HP 5973 MS detector. A HP -  5MS 

30 x 0.25 mm (I.D.) column with a film thickness of 0.25 pm was used. The GC 

temperature was programmed at 65 °C for 10 minutes then to 285°C at 10 °C/min and 

held for 10 minutes and then at 40 °C/min to 310 °C for 1.5 minutes. 1- Phenyldodecane 

was used as a co-injection standard to quantify the instrument response for each sample 

run. Authentic standards for all species were used for compound identification and 

quantification. For some compounds, a surrogate standard of the same compound class 

was used to estimate instrument response. The concentration of organic and elemental 

carbon (EC) contained in the fine particulate matter samples determined by the method of 

Birch and Cary (1996).

3.3 Results and Discussion

Organic aerosols can be directly emitted in particulate form (primary aerosols) or 

formed in the atmosphere as a result of gas phase photochemical reactions (secondary 

aerosols). EC is a good tracer for primary organic aerosol of combustion origin (Turpin et 

al., 1991). The ratio of concentrations of OC to EC has been used by several investigators 

to investigate the extent of secondary formation (Wolff et al., 1981; Turpin et al., 1991). 

Since a good correlation is observed between the measured of OC and EC, as shown in
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Figure 3.1, it is possible that primary emissions of OC may represent a significant 

contribution to measured OC.

3.3.1 n-Alkanes

N-Alkanes were quantified in all particulate samples (Table 3.1). High molecular 

weight n-alkanes, with their odd/even carbon number predominance, act as suitable 

compounds for tracing biogenic emissions in urban atmosphere (Rogge et al., 1993b).

Biogenic n-alkanes have a strong odd carbon number predominance (Simoneit, 

1984). Alternatively, n-alkanes found in petroleum do not show an odd carbon number 

preference due to maturation within the sedimentary organic material (Simoneit, 1984). 

Most predominant biogenic n-alkanes are C2 9 , C31 and C3 3 . As indicated by the data, the 

highest average concentrations were found for C29 and the lowest for C2o- The maximum 

concentration for n-alkanes is for C2 9 , which is a characteristic of biogenic alkanes 

(Rogge et al, 1993b). This is a good indicator of the predominance of biogenic sources 

relative to anthropogenic sources. The data show a significant difference when compared 

to the concentrations in different urban areas (Azevedo et al., 1999; Yue et al., 2004) 

(Table 3.2). The n-alkane concentrations are significantly influenced by the site 

characteristics. This site is a predominantly forest area and has low n-alkane 

concentrations compared to an urban setting like Houston, where vehicular emissions 

have a strong impact.

To estimate the relative contributions or biogenic and anthropogenic sources, the 

Carbon Preference Index (CPI) is widely used (Simoneit 1984; Standley et al., 1987). 

Biogenic sources tend to exhibit a strong odd carbon number dominance compared to the 

anthropogenic sources where odd and even carbon isomers are equivalent (Simoneit,
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1984). This difference is reflected in the CPI values. Petroleum hydrocarbons have a 

relatively smooth distribution of n-alkanes and thus have CPI values close to 1, while 

particles from biogenic sources have an elevated CPI value (Standley, 1987). The CPI 

values were calculated for n-alkanes ranging from C26 to C33 to reduce the influence of 

volatilization (Kavouras et a l,  1999). The CPI values are calculated as:

The CPI values ranged from 1.1 to 3.8 (Table 3.1) compared to 1.76 for Algires City 

(Yassa et al., 2001); 1.72 for Philadelphia (Li et al., 2006); 1.06 (urban) and 1.76 (rural) 

for Rio de Janeiro (Azevedo et al., 1999).

Another parameter used to determine the contribution of biogenic to 

anthropogenic alkanes is Cwax, which is an estimate of the concentration of alkanes from 

plant wax sources. The Cwax value is calculated according to (Gogou et al., 1996):

Using these Cwax values, the contribution of biogenic alkanes was estimated and is 

listed in Table 3.1. The values of Cwax accounted for 15.4% to 61.2% of the total 

measured alkane concentrations. In comparison, for and urban area such as Houston (Yue 

et al., 2004) Cwax accounted for 18.3% to 31.5% of the alkane concentrations. In an urban 

setting like Houston, petroleum alkanes contribute a greater portion of the alkane species 

due to fossil fuel combustion, mainly from motor vehicles. However, since the minimum 

fraction of biogenic alkanes measured during the current sampling period is similar to 

that in Houston, there are periods where the alkanes in the Duke Forest fine PM are 

influenced by anthropogenic emissions.

_ ^ 2 7  + ^ 2 9  + ^31  + C33 

V C 26 + C 28 + C 30 + C 32y
(3.1)

wax
n=25 L v y

(3.2)
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3.3.2 Petroleum Biomarkers

Petroleum biomarkers are used to track emissions from mobile sources (Rogge, 

1993a). These compounds are found in crude petroleum deposits as remnants of 

biological material. (Simoneit, 1984). The predominance of 17a(H), 2ip(H)-hopane, a 

mature isomer of 17P(H)-21P(H) hopane, is an indicator of petroleum input or thermal 

maturation (Standley et al., 1987). In this study two main hopanes, 17a(H), 2ip(H)- 

hopane and 17a(H), 2ip(H)-29-norhopane were quantified. The concentrations of these 

are listed in Table 3.1. The average concentrations are 0.1 and 0.1 ng m' respectively for 

the two hopanes quantified. These concentrations are low when compared to urban areas, 

0.2 and 0.1 ng m" (Zheng et al., 2002) and 1.5 and 0.3 ng m" (annual average summer 

concentration) (Li et al., 2006).

3.3.3 n-Alkanoic and n-Alkenoic acids

Carboxylic acids, namely hexadecanoic acid and octadecanoic acid, were present 

in all the samples, with concentrations listed in Table 3.1. The hexadecanoic acid 

concentrations ranged from 2.4 to 59.2 ng m ' 3 with an average of 16.3 ng m 3 . Lower 

concentrations of octadecanoic acid were observed with a range of 0.8 to 14.8 ng m "3 

with an average of 5.7 ng m '3. Biogenic sources have a significant influence on the 

concentrations of these acids (Simoneit, 1984). Other sources such as motor vehicle 

emissions and fossil fuel combustion have been shown to emit these n-alkanoic acids 

(Rogge et al., 1993a; Schauer et al., 2002).

9-octadecenoic acid was also quantified in all the samples, though in much lower 

concentrations compared to those of the two n-alkanoic acids quantified. These 

concentrations are also listed in Table 3.1. The concentrations range from 0.03 to 2.7 ng
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 ̂  ̂ 3
m with an average of 0.73 ng m , compared to an average concentration of 6 . 6  ng m  in 

Houston (Yue et al., 2004) and 2.9 ng m 3 in southeastern US (Zheng et al., 2002) where 

urban sources, such as meat cooking, are more concentrated.

3.3.4 a -Pinene Photooxidation Products

Pinic acid (2,2-dimethyl-3-carboxycyclobutylethanoic acid) and pinonic acid (2,2- 

dimethyl-3-acetylcyclobutylethanoic acid), common a  -pinene oxidation products, were 

identified in all forest aerosol samples and the variability in concentrations of these two 

compounds are shown in Figure 3.3. Data for organic carbon and elemental carbon (a 

tracer for primary emissions) is shown for comparison in the figure. Both pinic and 

pinonic acid, with low vapor pressures of the order of FT6 to 10"8 Torr (Koch et al.,

2000), are expected to contribute significantly to SOA formation.

Analysis of the ambient concentrations of these species was used to investigate 

the role of a-pinene oxidation and SOA formation. This was motivated by the fact that 

monoterpenes contribute about 35% of the global biogenic emissions of volatile organic 

compounds (Griffin et al., 1999). Measured ambient concentrations for pinic acid and 

pinonic acid are listed in Table 3.1. These concentrations are compared to two previous 

studies (Yu et al., 1999; Kavouras et al., 2002) (Table 3.3). The vapor pressure of pinic 

acid, a Cy-dicarboxylic acid is about 2 orders of magnitude lower than pinonic acid. 

Therefore, pinic acid is expected to have a higher fraction residing in the aerosol phase 

than pinonic acid. However, the particle phase concentrations are dependent on the 

amount of gas phase concentration and the partitioning to the aerosol phase. It is 

estimated that about 40% of a-pinene oxidizes in presence of O3 out of which 50% 

decomposes into acetone, formaldehyde and other products and the rest undergoes
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hydrolysis to form pinonic acid and pinonaldehyde (Jenkin et al., 2000). Another series 

of decomposition and peroxy or alkoxy radical addition reactions lead to the formation of 

pinic acid. For the particle phase, the yield depends on partitioning between the gas and 

particle phase, which in turn depends on temperature, relative humidity and available 

nuclei for partitioning into aerosol phase (Yu et al., 1999; Kavouras et al., 2002). It has 

been demonstrated that absorptive partitioning of oxidation products between the gas 

phase and organic absorbing phase determines the yield of SOA from VOC oxidation 

(Cocker et al., 2001).

3.3.5 Levoglucosan

Levoglucosan concentrations ranged from 3 to 50 ng m 3 with an average of 

20 ng m' (Table 3.1). Levoglucosan has been shown to be a molecular marker for 

biomass combustion and thus serves as a good tracer for wood smoke studies (Simoneit 

et al., 1999). Though no known wood smoke episodes were reported during the sampling 

period, there is a good possibility of transport of levoglucosan from surrounding areas 

(Standley et al., 1987; Fraser and Lakshmanan, 2000).

3.4 Chemical Mass Balance Model

For CMB calculations, a total of 13 organic compounds and elemental carbon 

were used as tracers for the source contributions of five important primary sources. The 

organic compounds included: seven n-alkanes (C27 to C33), two hopanes (17a(H), 

2ip(H)-hopane and 17a(H), 21p(H)-29-norhopane), two saturated fatty acids 

(hexadecanoic acid and octadecanoic acid), one unsaturated fatty acid (octadecenoic 

acid), and levoglucosan. Concentrations of polycyclic aromatic hydrocarbons were not
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included these calculations due to very low concentrations in the ambient samples which 

were often below the detection limit of the analytical method used.

The chemical composition of five source profiles were obtained from literature 

reports that used similar chemical analysis techniques to those used in this study. They 

include profiles for gasoline-powered vehicles (Schauer et al., 2002), plant wax particles 

(Rogge et al., 1993b), diesel exhaust (Fraser et al., 2002), meat cooking (Schauer et al., 

1999) and wood smoke (Schauer et al., 2001).

For our CMB calculations, sources with zero or minimal contribution were 

excluded and the model was rerun. As a result, the contribution of five sources, namely 

gasoline powered vehicles, diesel vehicles, vegetative detritus, meat cooking and wood 

smoke were estimated. The average r values for the calculations ranged between 0.65 to 

0.7 and the average chi-square values ranged between 7 to 10. In this study, the low r 

and chi-square values are attributed to the fact that the samples quantified have higher 

contribution from secondary sources as compared to major primary sources. For average 

source contributions to PM 2.5 levels, gasoline vehicles contributed about 1.7 pg m '3, 

diesel vehicles 0.5 pg m 3, wood smoke 0.07 pg rrf3, meat cooking 0.1 pg m 3 and 

vegetative detritus 0.05 pg m ' 3 based on the CMB model (Figure 3.2). Using the source 

profile organic mass content, the contribution of these sources to fine OC was 

determined, and the unapportioned mass calculated as the difference between measured 

and apportioned organic mass (Figure 3.3). The level of unapportioned OC mass ranged 

between 1.2 to 3.8 pg m 3. A weak to moderate correlation was observed when pinonic 

acid and pinic acid concentrations were correlated with measured OC (Figure 3.4). The 

correlation of pinic acid and pinonic acid with unapportioned OC is plotted in Figure 3.4.
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Pinonic and pinic acid concentrations are in a weak to moderate agreement with 

unapportioned OC.

3.5 Conclusions

In this study both polar and non-polar organic compounds were quantified from 

forest aerosol samples. Biogenic alkanes were found to be major contributors to n-alkane 

concentrations with an average contribution of 35.3% (maximum contribution 61.2%). 

The CPI values ranged from 1.1 to 3.8 indicating a strong influence of biogenic sources 

to n-alkane concentrations for the region. The measured concentrations for hopanes 

suggests that fossil fuel combustion, as well as biogenic sources, may significantly 

influence the aerosol concentrations. Common a  -pinene oxidation products, namely 

pinic and pinonic acids, were quantified in all samples. The presence of these oxidation 

products in the samples indicates aerosol formation from a -pinene in the atmosphere. 

Due to low vapor pressures, these significantly contribute to secondary organic aerosol 

formation. A CMB model was used to apportion the measured PM mass to specific 

sources (Fraser et al., 2003). The sources for the model were selected based on the site 

characteristics. PAH’s were not included in these calculations due to very low sample 

concentrations that were generally below the detection limit of the analytical method 

used. Five sources, namely gasoline motor vehicles, vegetative detritus, diesel, meat 

cooking and wood smoke were identified as sources to PM levels. Chemical mass 

balance calculation results were used to find the correlation between pinic and pinonic 

acids and the unapportioned organic carbon. A reasonably moderate fit between 

unapportioned OC and pinonic acid and, a weak correlation between unapportioned OC
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and pinic acid, is indicative of the contribution of a  -pinene oxidation products to 

secondary organic aerosol formation in ambient atmosphere.
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Table 3.1 Average ambient concentrations of organic compounds (ng m 3)

7/10 7/11 7/12 7/13 7/15 7/16 7/18 7/19 7/20 7/21 7/22 7/23 Avg

C20 0.03 0.01 0.03 0.11 0.05 0.03 0.05 0.11 0.05 0.05 0.25 0.06

(Eicosane)
c 21 0.03 0.01 0.01 0.09 0.08 0.05 0.06 0.13 0.14 0.07 0.07 0.14 0.07

(Heneicosane)

c22 0.04 0.02 0.06 0.25 0.16 0.11 0.11 0.15 0.22 0.11 0.03 0.09 0.11

(Docosane)

C23 0.04 0.01 0.06 0.32 0.19 0.09 0.19 0.33 0.25 0.10 0.09 0.43 0.17
(Tricosane)

C24 0.01 0.01 0.02 0.39 0.12 0.01 0.09 0.07 0.13 0.07 0.03 0.10 0.09
(Tetracosane)

c 25
(Pentacosane) 0.09 0.12 0.31 0.17 0.14 0.14 0.49 0.36 0.17 0.15 0.40 0.21

c 26
(Hexacosane) 0.08 0.02 0.10 0.33 0.30 0.12 0.11 0.31 0.24 0.22 0.07 0.73 0.22

c 27
(Hentacosane) 0.11 0.01 0.13 1.38 0.56 0.44 0.18 0.95 0.49 0.50 0.40 0.54 0.48

c 28
(Octacosane) 0.11 0.03 0.14 1.11 0.32 0.17 0.10 0.12 0.21 0.20 0.10 0.41 0.25

C29

(Nonacosane) 0.14 0.03 0.25 2.97 0.39 0.53 0.48 0.78 1.01 0.63 0.64 0.43 0.69
c 3«

(Triacontane) 0.07 0.02 0.14 0.94 0.15 0.17 0.05 0.27 0.13 0.11 0.11 0.17 0.19
c 3J

(Hentriacontane) 0.11 0.09 0.19 2.35 0.18 0.11 0.05 0.09 0.14 0.65 0.82 0.49 0.44
C32

(Dotriacontane) 0.09 0.08 0.02 0.47 0.06 0.08 0.19 0.26 0.10 0.24 0.34 0.16
c 33

(Tria triacontane) 0.04 0.11 0.12 0.48 0.10 0.12 0.52 0.11 0.08 0.33 0.17
CPI 1.16 1.67 1.74 2.52 1.46 2.27 2.46 2.02 2.58 2.98 3.77 1.08 2.15

EC„
0.85 0.38 1.20 10.34 2.07 1.84 1.30 3.22 3.36 2.70 2.61 3.84 2.81

r'-'wax 0.15 0.06 0.29 4.25 0.51 0.74 0.53 1.76 1.28 1.33 1.60 0.64 1.03

Biogenic 
Contribution/%)

17.48 15.44 23.91 41.09 24.57 40.03 40.56 54.58 38.08 49.31 61.20 16.67 36.50

Hop3 0.0123 0.0133 0.0165 0.0012 0.0011 0.0004 0.1083 0.3732 0.1595 0.2143 0.0376 0.4747 0.1177

Hopb 0.0246 0.0265 0.0210 0.0024 0.0018 0.0004 0.0812 0.1400 0.1384 0.3073 0.1329 0.2312 0.0923

c w 5.90 4.47 4.06 27.95 27.15 59.21 5.74 28.94 21.51 3.11 5.79 2.37 16.35
(Hexadecanoic acid)

Cu 6.16 5.59 4.89 7.44 8.01 14.80 0.98 4.82 3.60 0.76 1.10 1.07 4.93
(Octadecanoic acid)

C18..1 0.09 0.08 0.03 1.07 1.48 2.70 0.18 1.56 0.77 0.15 0.41 0.21 0.73
(Octadecenoic acid)

o c # 3.36 2.49 2.96 2.99 2.70 3.69 4.30 3.09 4.00 4.30 2.65 2.12 3.22

EC* 0.20 0.16 0.18 0.08 0.23 0.27 0.41 0.24 0.32 0.35 0.18 0.16 0.23

Pinic acid 13.67 7.37 10.66 9.18 9.87 16.26 13.99 19.83 25.78 15.69 19.21 5.85 13.95

Pinonic acid 5.04 0.30 4.74 3.85 3.66 5.48 4.53 5.98 13.26 5.48 1.58 1.48 4.61

Levoglucosan 21.01 3.55 19.18 3.29 2.66 10.27 21.30 9.93 38.93 50.11 30.90 38.96 20.84

Hopa: 17a(H), 2ip(H)-hopane; Hopb: 17a(H), 2ip(H)-29-norhopane; #: concentrations in pg m'3
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Table 3.2 Comparison of n-alkane concentrations (ng m 3)

Yue et al Azevedo et al Present study
n-Nonacosane

(C29)
5.0 20.6 0.7

Triacontane
(C3o)

2.8 9.5 0.2

n-Hentriacontane
(C31)

4.4 10.1 0.4

Dotriacontane
(C32)

1.8 3.1 0.16

Triatriacontane
(C33)

2.7 2.5 0.16

Atmospheric Urban Urban (Rio de Rural (Duke
Environments (Houston) Janeiro city) Forest)

Table 3.3 Comparison of a -pinene photooxidation product concentrations (ng

Yu eta l., 1999 
(Kejimkujik 

National Park, 
Nova Scotia)

Kavouras et al., 2002 
(Forest of Pertouli, 

Greece) Present study

Pinic acid 0.5 0 .5 -2 .4  5 .8 -25 .8  

0.8 1 .2 -9 .7  0 .3 -13 .3Pinonic acid
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Chapter 4

Characterization and Seasonality of Fine Particulate Organic Matter at Rural and 

Urban Sites During TexAQS II

4.1 Introduction

Ambient particulate matter in the atmosphere affects climate by absorbing and 

scattering solar radiation and also by influencing the formation of clouds (Christoffersen 

et a l, 1998). Ambient aerosols also play a significant role in human respiratory diseases 

and mortality (Dockery et a l,  1993; Pope et a l, 1995). This role of PM on human health 

is the driving force behind the National Ambient Air Quality Standards (NAAQS) 

regulating atmospheric levels of PM.

The impacts of particulate matter on health, the Earth’s radiation budget and 

formation of cloud condensation nuclei is strongly dependent on particle size (Zhang et 

al., 2004). Atmospheric particle sizes range in diameter from a few nanometers to tens of 

microns and often contain a complex mixture of chemical species (Seinfeld and Pankow, 

2003). Particulate matter of diameter less than 2.5 pm are of main concern as their size 

allows them to easily penetrate deep in the lungs where they have been shown to cause 

adverse health effects as opposed to larger particles which are mostly removed in the 

upper respiratory tract (Miller et al., 1979; Dockery et a l,  1993)

Atmospheric PM is mainly composed of carbonaceous material, inorganic salts 

and crustal minerals. It is easy to measure and quantify the inorganic fraction of PM 

mass. However, due to its complexity, measuring the organic fraction poses certain 

analytical difficulties, which in turn make it difficult to model and predict the physio-
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chemical, and concentration distribution of organic species in ambient PM. Carbonaceous 

PM can be divided into OC and EC. EC is also referred to as black carbon and exists only 

in particle phase, and is non-volatile. EC is generally thought to be originate from 

primary emissions which makes it a useful tracer for emission sources to ambient PM. 

OC, on the other hand, is a mixture of numerous individual organic species partitioning 

between particle and gas phase and having varying chemical and thermodynamic 

properties which makes it difficult to use a single technique for their measurement and 

analysis.

This study, as part of the TexAQS (Texas Air Quality Study) II, is an effort to 

better understand rural and urban sites characteristics relevant to organic fine particulate 

speciation. This chapter presents the results of organic fine particulate speciation. 

Quantification of n-alkanes, alkanoic and alkenoic acids, secondary organic acids, wood 

smoke and petroleum biomarkers are reported in this study and the dataset will be 

subsequently used in source apportionment studies to determine the sources of organic 

aerosols at the site. Also, this study will investigate differences in the secondary organic 

aerosol precursors at rural and urban regions.

4.2 Site Description

During the TexAQS (Texas Air Quality Study) II, fine particulate samples were 

collected from San Augustine, which is a rural site located approximately 200 miles 

northeast of Houston. The surrounding vegetation is mainly Oakwood, Juniper and 

Mesquite. The sampling location is close to a small county airport with a single runway 

for small aircrafts. The urban site was at Hinton in northwest Dallas off Interstate 35,
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about 3 miles southwest of Dallas Love Field airport. Figure 4.1 shows the location of the 

sampling sites.

4.3 Ambient Sampling and Analysis

For detailed organic speciation, fine particulate samples were collected on quartz 

fiber filters using a high-volume sampler from January 2006 to August 2006 at San 

Augustine and Dallas, as part of the TexAQS II sampling program. A three-day sampling 

schedule was followed for each site. Fine particulate matter was collected using a high 

volume air sampler (Thermo Electron) with an attached PM2.5 inlet. Samples were

rj 1
collected for duration of 24 hours at a flow rate of 1.2 m m uf . Before use, the quartz 

filters were baked at 550 °C for 8  hours to lower their carbon blanks. Following 

sampling, the filters were stored in pre-fired borosilicate glass jars and frozen until 

analysis.

Before extraction the filters were spiked with a known quantity of an isotopically 

labeled standard recovery mixture to monitor extraction efficiency. The average 

extraction recovery efficiency was 6 8 % for n-alkanes and 65% for carboxylic acids 

(measured with Hexadecanoic acid, Decanoic acid-di9 and Hexanoic acid-dn). Samples 

were extracted three times in hexane and twice in 2 : 1  benzene: isopropanol mixture by 

mild ultrasonic agitation for 15 minutes each, at room temperature. After each sonication 

step, the extract was collected into a single flask using a vacuum line for transfer. The 

combined extract was reduced to a volume of 1 to 2 ml by rotary vacuum distillation. The 

extract was further reduced to a final volume of 200 to 300 pi by gentle solvent 

evaporation with a stream of nitrogen.
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One microliter (1 (al) of the final extract was analyzed by gas chromatography 

(GC) -  mass spectroscopy (MS) using a Hewlett -  Packard (HP) 6890 GC and a HP 5973 

MS detector. A HP -  5MS 30 x 0.25 mm (I.D.) column with a film thickness of 0.25 pm 

was used. The GC temperature was programmed at 65 °C for 10 minutes then to 285°C at 

10 °C/min and held for 10 minutes and then at 40 °C/min to 310 °C for 1.5 minutes. 1- 

Phenyldodecane was used as a co-injection standard to quantify the instrument response 

for each sample run. Authentic standards for all species were used for compound 

identification and quantification. For some compounds, a surrogate standard of the same 

compound class was used to estimate instrument response. Multiple injections of 

authentic standards were used to determine the relative response factors (RRF) and 

retention times for individual organic compounds (Mazurek et al., 1987).

RRF
Cone, std 

PeakArea, std
x

PeakArea,1 -  Pd 
Cone,I -  Pd

(4.1)

This RRF was used to quantify organic compounds in each sample extract.

A derivatization method was used to identify and detect polar species. The 

method consists of using N, O-bis (trimethylsilyl)-trifluoro acetamide (BSTFA) as a 

derivatization agent. The carboxylic acid groups react with BSTFA to form trimethylsilyl 

(TMS) derivatives (Yu et al., 1998). The derivatized extract is then run through GC-MS 

where compounds show well-separated peaks.

4.4 Speciation and Seasonal Variation

4.4.1 OC/EC

The concentration of organic and elemental carbon (EC) contained in the fine particulate 

matter samples was determined by the method of Birch and Cary (1996) at Sunset
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Laboratory, Tigard, Oregon. This is a thermo-optical method employing high 

temperatures for OC/EC speciation. The instrumentation consists of a sample oven for 

quartz filter punch; Mn0 2  oven for oxidation; and a flame ionization detector (FID). Pure 

Helium (He) is used in the first stage of analysis and He mixed with 2% O2 is used in the 

second stage. A 1.54 cm2 rectangular portion of the filter deposit is analyzed. FID is used 

for the quantification of evolved carbon as methane (CH4). Instrument is calibrated by 

injecting a known amount of methane into the sample oven. After all carbon has been 

oxidized from the filter punch, a known volume of methane is injected into the sample 

oven. OC and EC are calculated based on the FID response. OC and EC values are 

reported as pg-Carbon/cm2 of deposit area. The average monthly concentrations of EC, 

OC and PM2.5 mass (Table 4.1) have been plotted in Figure 4.2 (a) and (b). Average 

PM 2 .5 , fine OC and fine EC concentrations were 11.2 pg m 3, 3.5 pg m 3 and 0.6 pg m ' 3 

for Dallas and 9.9 pg m 3, 2.7 pg m ' 3 and 0.2 pg m 3 for San Augustine. On an average, 

fine OC and fine EC accounted for 32% and 5.3% of PM 2.5 mass for Dallas, and 27% and 

2% for San Augustine This is to be expected for a rural versus urban site. EC to OC ratio 

can be used to estimate the influence SOA formation (Turpin et al., 1991). The average 

monthly OC/EC ratios were 5.8 and 15.1 for Dallas and San Augustine, respectively. As 

shown in Figure 4.3, a strong correlation is observed between EC and OC for San 

Augustine, while EC and OC were not very well correlated for Dallas. It is thus possible 

that a significant contribution to measured OC comes from primary emissions for San 

Augustine, while Dallas has a greater contribution to fine OC from secondary aerosol 

formation.
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4.4.2 n-Alkanes

N-Alkanes (C20 to C35) were quantified in particulate samples from the two sites 

(Table 4.2). The average daily concentrations of n-alkanes (C25 to C3 3) ranged from 0.01 

to 38.10 ng m ' 3 for San Augustine and 0.16 to 30.67 ng m"3 for Dallas. A comparison 

between the current data and other studies is listed in Table 4.3. There are many sources 

responsible for the release of n-alkanes into ambient atmosphere, including biogenic 

sources from epicuticular waxes of vascular plants and anthropogenic sources that 

typically include combustion of fossil fuels and wood. Factors such as wind speed and 

humidity can influence biogenic input since higher wind speed and lower humidity 

facilitate more abrasion of plants and emission of higher plant wax alkanes from plant 

vegetation (Zheng et a l,  2000). The determination of Cmax is a strong indicator of 

anthropogenic versus recent biogenic input (Azevedo et al., 1999). For samples where the 

maximum concentration of the n-alkane is for C2 7 , biogenic sources are the likely 

dominant source; for Cmax > 23 and < 26 mixed biogenic and petroleum; and for Craax <

23 petroleum (Azevedo et al., 1999). High molecular weight n-alkanes, with their 

odd/even carbon number predominance, act as suitable compounds for tracing biogenic 

emissions in urban atmosphere (Rogge et al., 1993b).

Biogenic n-alkanes have a strong odd carbon number predominance (Simoneit, 

1984). Alternatively, n-alkanes found in petroleum do not show an odd carbon number 

preference due to maturation within the sedimentary organic material (Simoneit, 1984). 

As seen in Figure 4.4, n-alkanes exhibit odd carbon number predominance for San 

Augustine. This is expected for San Augustine as it is a predominantly rural site with 

very little input from petroleum-derived fuels. This is a good indicator of the 

predominance of biogenic sources relative to anthropogenic sources. However, this is
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significantly different for Dallas, which is an urban site, where there is little or no odd 

carbon number predominance, which is characteristic of strong influence of petroleum- 

derived fuels.

To estimate the relative contributions or biogenic and anthropogenic sources, the 

Carbon Preference Index (CPI) is widely used (Simoneit 1984; Standley et al., 1987). 

Biogenic sources tend to exhibit a strong odd carbon number dominance compared to the 

anthropogenic sources where odd and even carbon isomers are equivalent (Simoneit, 

1984). This difference is reflected in the CPI values. CPI values are calculated as the ratio 

of the sum of odd-carbon isomers to the sum of even-carbon isomers. Petroleum 

hydrocarbons have a relatively smooth distribution of n-alkanes and thus have CPI values 

close to 1, while particles from biogenic sources have an elevated CPI value (Standley et 

al., 1987). The CPI values were calculated for n-alkanes ranging from C26 to C33 to 

reduce the influence of volatilization (Kavouras et al., 1999).

The CPI was calculated as:

CPI =
r C27 + C29 + C31 + c33 ^

(4.2)
V C 26 +  C 28 +  C 3 0  +  C 32 J  

The CPI values are listed in Table 4.4. These intermediate CPI value indicate the 

influence of both biogenic and anthropogenic sources at these sites. Based on average 

CPI values of 1.28 for San Augustine and 1.09 for Dallas respectively, it can be said that 

Dallas has a greater contribution from fossil fuels relative to biogenic sources while San 

Augustine is less influenced by fossil fuel sources. The CPI values were compared to 

different sites with similar characteristics and are listed in Table 4.5. CPI data can also be 

compared to levoglucosan, which is used as a tracer for biomass combustion as discussed 

later. Comparison of CPI values to corresponding levoglucosan concentrations suggests 

that there is no apparent trend between these separate tracers, and no apparent correlation
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between biomass combustion and biogenic alkanes. This suggests that biomass 

combustion does not influence the contribution of biogenic alkanes and that CPI depends 

solely on factors such as biomass density, wind speed, humidity and amount of 

resuspension from other sources.

Another parameter used to determine the contribution of biogenic to 

anthropogenic alkanes is Cwax, which is an estimate of the concentration of alkanes from 

plant wax sources. The Cwax value was calculated according to (Gogou et al., 1996):

33

Cwax ~ /C 
n=25

Cn (4.3)

Negative values for individual terms are taken as zero (Azevedo et a l,  1999). Using these 

Cwax values, the contribution of biogenic alkanes was estimated (Table 4.4). On an 

average, biogenic contribution to n-alkanes was about 17 % for San Augustine and 10 % 

for Dallas. In an urban setting like Dallas, petroleum alkanes contribute a greater portion 

of the alkane species due to fossil fuel combustion, mainly from motor vehicles and 

hence there is minimum contribution from plant wax alkanes. Figure 4.5 is the correlation 

of percentage of n-alkanes from plant wax to CPI for San Augustine. There is a positive 

relationship between percentage of plant wax alkanes with CPI and higher plant wax 

alkanes show high CPI values.

Weekend / weekday timing affects n-alkane concentrations. Concentrations of 

C25-C35 species were greater during weekend sampling for Dallas, whereas for San 

Augustine the weekday concentrations were higher, as shown in Figures 4.6 (a) and 4.6 

(b). As can be seen from Figure 4.7, the average total n-alkanes show a steady increase 

from January through May for San Augustine, whereas for Dallas the levels are steady 

except for February, where the concentrations are about twice the average.
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4.4.3 Petroleum Biomarkers

Petroleum biomarkers are unique to emissions from gasoline and diesel engines 

and are used to track emissions from mobile sources (Rogge, 1993a). These compounds 

are found in crude petroleum deposits as remnants of biological material (Simoneit,

1984), and they are relatively stable in ambient environments (Simoneit, 1999). In this 

study two predominant hopanes, 17a(H), 2ip(H)-hopane and 17a(H), 2ip(H)-29-

norhopane, were quantified with average concentrations listed in Table 4.1. The mean

-2
concentrations for the two hopanes are 0.31 and 0.18 ng nT for Dallas and 0.19 and 

0.103 ng m"3 for San Augustine. These concentrations are lower when compared to other 

similar areas, 1.3 and 1.4 ng m 3 at Philadelphia (Li et al., 2006) and 0.44 and 0.64 ng m"3 

at Houston (Yue et a l,  2004a). The fact that hopanes were detected in all samples at all 

the sites and the predominance of 17a(H), 2ip(H)-hopane, a mature isomer of 17 a(H)- 

21P(H) hopane, is an indicator of petroleum input (Simoneit, 1984; Standley et al., 1987). 

The average total hopane concentration shows a steady decrease from winter (January) 

through spring (May) in Dallas, whereas the opposite trend is observed in San Augustine, 

as shown in Figure 4.8. In Dallas, where a constant emission source might be expected, 

increased mixing in spring-summer months might explain the observed trend. Comparing 

the hopanes seasonality to n-alkanes, Figure 4.7, both species exhibit almost a similar 

trend. This can be explained by the fact that fossil fuel combustion is one of the major 

sources of n-alkanes besides biogenic sources. A similar trend was also observed when 

comparing weekend and weekday concentration profiles for n-alkanes (Figure 4.6 (a) and 

(b)) and hopanes (Figure 4.9 (a) and (b)) for both sites.
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4.4.4 Levoglucosan

Levoglucosan, formed during wood combustion, has been shown to be a 

molecular marker for biomass combustion and thus serves as a good tracer for wood 

smoke studies (Simoneit et al., 1999). Levoglucosan concentrations varied considerably 

at both the sites during the sampling period. These concentrations may have been 

influenced by wood combustion episodes or transport from surrounding areas (Standley 

et al., 1987; Fraser and Lakshmanan, 2000; Denis et al., 2002). Levoglucosan was 

detected in all samples at both the sites. Measured levoglucosan concentrations ranged 

1.86 to 331.24 ng m "3 for San Augustine and 0.52 to 128.3 ng m ' 3 for Dallas. Mean 

concentrations are listed in Table 4.1. The average concentrations were less than data 

reported for Houston, 234.07 ng m"3 (Yue and Fraser, 2004b) and a rural setting in San 

Joaquin Valley, California, 106 ng m ' 3 (Nolte et al., 2001). In March 2006, several days 

showed elevated levoglucosan levels at both sites, possibly reflecting the influence of a 

regional wood smoke episode near the Texas-Oklahoma border, north of the sites. Thus, 

the importance of regional transport between sites cannot be ruled out. Elevated 

levoglucosan concentrations were accompanied with high wax n-alkane concentrations 

and high CPI values, indicating to the influence of biogenic sources on air quality. 

Levoglucosan levels were much lower in spring in Dallas compared to winter whereas no 

seasonal difference was observed in San Augustine (Figure 4.10). This may illustrate the 

influence of residential wood smoke in the urban area compared to the rural site.
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4.4.5 n-Alkanoic and n-Alkenoic acids

Carboxylic acids, namely hexadecanoic acid and octadecanoic acid, were present 

in all the samples, with concentrations listed in Table 4.1. The hexadecanoic acid

O Q
concentrations ranged from 5.4 to 1808 ng m~ with an average of 134.4 ng nT for San

o o
Augustine and 15.6 to 143.4 ng m with an average of 57.2 ng m  for Dallas. The

o
octadecanoic acid concentrations ranged from 3.7 to 4819 ng n f with an average of

193.5 ng m ' 3 for San Augustine and 12.7 to 143.8 ng m ' 3 with an average of 55.2 ng m 3 

for Dallas. Concentrations for San Augustine are higher when compared to similar 

studies [65.8 to 185 ng m"3 for Philadelphia ( Li et al., 2006), 14 to 45 ng m ' 3 for Houston 

( Yue et al., 2004b) and 31 to 168 ng m ' 3 for Hong Kong (Zheng et al., 2000)]. Numerous 

sources have been suggested as contributors to alkanoic acid concentrations, but biogenic 

sources have a significant influence on the concentrations of these acids (Simoneit,

1984). Besides microbial activity (Simoneit et al., 1982), cooking has also been found to 

be a major contributor to <C2o alkanoic acids in urban areas (Schauer et al., 1999; Zheng 

et al., 2000). In Los Angeles area, about 21% of primary fine particulate organic matter is 

due to meat cooking operations (Rogge et al., 1991). Other sources such as motor vehicle 

emissions and fossil fuel combustion have been shown to emit these n-alkanoic acids 

(Rogge et al., 1993a; Schauer et al., 2002).

Meat cooking processes are major contributors to n-alkenoic acids (Rogge et al., 

1991; Nolte et al., 2002). 9-Octadecenoic acid was also quantified in all the samples 

(Table 4.1), though in much lower concentrations compared to those of the two n- 

alkanoic acids quantified. 9-Octadecenoic acid concentrations ranged from 1.41 to 1447.6 

ng m ' 3 with an average of 72.9 ng nT3 for San Augustine and 4 to 113.7 ng m ' 3 with an 

average of 21.3 ng m" for Dallas. Unsaturated fatty acids are very unstable in the
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ambient atmosphere and are readily oxidized in the environment (Kawamura et al., 1987; 

Kawamura et al., 1996). Hence, the C 18:1 to C18:0 ratio can be used as indicative of the 

degree of aging of particulates (Brown et al., 2002) and also reflects the presence of 

photochemical oxidants at the receptor location. This ratio is tabulated in Table 4.2. The 

weekday concentrations dominated over weekend concentrations for polar compounds 

(levoglucosan and acids) for both San Augustine and Dallas, as shown in Figures 4.11(a) 

and (b). N-Alkanoic acid concentrations exhibit a maximum in winter for Dallas and then 

decrease steadily (Figure 4.12). 9-Octadecenoic acid concentrations show an increasing 

trend from winter to spring (Figure 4.13) which can be attributed to increase in cooking 

activities.

4.4.6 Pinic and Pinonic acid

Pinic acid (2,2-dimethyl-3-carboxycyclobutylethanoic acid) is an a  -pinene 

photooxidation product, and was identified in all particulate samples at both the sites. The 

concentrations of these species are listed in Table 4.2. Average ambient concentrations of 

pinic acid were 30.5 ng m "3 for San Augustine and 10.0 ng m "3 for Dallas. Pinic acid, 

being a Cg-dicarboylic acid with a low vapor pressure of the order of 10' 8 Torr (Koch et 

al., 2000) is expected to contribute significantly to SOA formation (Bhat and Fraser, 

2007). Pinic acid levels were maximum in January (60 ng rrf3) and then drop sharply for 

Dallas (Figure 4.14). This can be due to change in relative humidity and temperature, 

discussed in detail in Chapter 6 .

Pinonic acid (2,2-dimethyl-3-acetylcyclobutylethanoic acid) is another product of 

phototoxidation of a-pinene with 0 3 and OH radical. Pinonic acid was found in all 

samples for both the sites. Average concentrations were 23.5 ng m 3 for San Augustine
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and 35.2 ng m ' 3 for Dallas. These concentrations show little spatial variability between 

Dallas and San Augustine, but data do show greater concentrations in spring (Fig. 4.15). 

This is to be expected for a marker of secondary organic aerosol formation. Among pinic 

and pinonic acids, pinic acid concentrations were higher at San Augustine, whereas, for 

Dallas pinonic acid concentrations were higher. The aerosol yield of pinonic acid and 

pinic acid is affected by temperature and relative humidity. An increase in relative 

humidity causes pinonic acid yields to drop, whereas for pinic acid, the opposite effect is 

observed (Fick et al., 2003). An increase in temperature caused the aerosol yields of both 

pinic and pinonic acids to drop appreciably (Kamens and Jaoui, 2001). This is discussed 

in detail in Chapter 6 .

4.5 Conclusions

Seasonal and average concentrations of PM 2 .5 components were compared for a 

rural and an urban site. Both polar and non-polar fine particulate organic compounds 

were quantified from PM 2.5 samples from Dallas and San Augustine, Texas. Alkanes, 

hopanes, n-alkanoic acids, n-alkenoic acid, levoglucosan and pinic and pinonic acid were 

quantified from all samples and exhibit great spatial variation between sites and seasonal 

variation at both sites. Among n-alkanes, the biogenic contribution was 17% for San 

Augustine and 10% for Dallas suggesting that biogenic contribution has a greater 

influence at San Augustine. The average CPI values were 1.28 and 1.09 for San 

Augustine and Dallas respectively indicating a greater influence of biogenic sources to n- 

alkanes for San Augustine. Levoglucosan levels dropped appreciably from winter 

through spring for Dallas indicating the influence of residential wood smoke, whereas 

they were almost constant for San Augustine. 9-octadecenoic acid, a meat cooking
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biomarker, showed significant increase in levels from January through May, as might be 

expected for this source. Pinic and pinonic acids were also quantified in all samples. The 

presence of these oxidation products in the samples points towards secondary aerosol 

formation from a -pinene in the atmosphere.
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Table 4.1 Ambient PM2.5, EC and OC (jig m~3)

Dallas San Augustine

PM 2.5
11.2 9.9

(3 .5 -3 4 .0 ) (2 .5 -23 .2 )

0.6  0.2 
(0 .1 8 -1 .5 ) (0 .0 6 -0 .6 )

3.5 2.7 
(1 .9 -7 .0 ) (1 .2 -9 .6 )

EC

OC
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Table 4.2 Ambient mean concentrations of organic aerosols (ng m' )

San Augustine Dallas

Pentacosane (C25)

Hexacosane (C26)

Heptacosane (C27)

Octacosane (C28)

Nonacosane (C®)

Triacontane (C30)

Hentriacontane (C3j)

Dotriacontane (C32)

Triatriacontane (C33)

Tetratriacontane (C34)

Pentatriacontane (C35)

Biogenic 
n-alkanes (Cwax)

Biogenic Contribution ( %)

Petroleum / 
Anthropogenic Contribution (%)

CPI

17a(H), 2ip(H)-hopane

17a(H), 2ip(H)-29-norhopane

Levoglucosan

Cl6;0

Ci8:0

c18;1

Pinic acid

Pinonic acid

4.3 6.5
(0.4-23.6) (1.5-15.4)

5.0 6.9
(0.2-33.0) (0.7-20.1)

6.9 11.4
(0.2-38.1) (1.4-26.4)

4.1 6.4
(0.2-29.8) (0.3-17.5)

4.4 6.8
(0.09-22.04) (1.0-18.4)

2.9 5.4
(0.02-19.5) (0.4-14.5)

3.2 5.2
(0.01-22.6) (0.4-17.7)

2.0 4.4
(0.06-11.7) (0.1-19.6)

4.2 4.5
(0.15-19.09) (0.2-20.9)

3.97 6.6
(1.9-9.7) (0.8-19.6)

9.4 17.1
(1.9-27.1) (9.7-30.7)

6.8 3.7
(1.4-16.2) (0.08-20.7)

9.717.0
(3.3-34.9)

83.0

(1.2-18.5)

90.3

1.28 1.09

0.2 0.3
(0.005-1.0) (0.02-1.3)

0.1 0.2
(0.004-0.6) (0.015-0.7)

37.9 18.4
(1.8-331.3) (0.52-128.3)

134.4 57.2
(5.4-1808.0) (15.6-143.4)

193.5 55.2
(3.4-4819.0) (12.7-143.8)

72.9 21.3
(1.41-1447.6) (4-113.7)

0.46 0.4
(0.22-1.05) (0.15-0.9)

30.6 10.0
(1.7-127.0) (0.9-77.4)

23.6 35.2
(13.3-59.0) (4.6-237.8)
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Table 4.3 Comparison of n-Alkane concentrations (ng m'3)

Yue e ta l Azevedo et al Present Study

Houston Rio de Janeiro
San

Augustine Dallas

n-Nonacosane
(C29)

5.0 20.6 4.4 6.8

Triacontane
(C30)

2.8 9.5 2.9 5.4

n-Hentriacontane
(C31)

4.4 10.1 3.2 5.2

Dotriacontane
(C32)

1.8 3.1 2.0 4.4

Triatriacontane
(C33)

2.7 2.5 4.2 4.5

Table 4.4 Average biogenic contribution to n-Alkanes (ng m '3)

CPI Sum C„
(C25 to C 3 3 )

Biogenic
n-alkanes

(C w a x )

Biogenic
Contribution

(%)

Anthropogenic
Contribution

(%)
San

Augustine
55.0 6.8 14.0 86.0 

(6.2-170.6) (1.4-16.2) (5.0-36.0)
35.5 3.7 9.7 90.3 

(7.0-219.5) (0.08-20.7) (1.2-18.5)Dallas

Table 4.5 CPI comparisons

Location CPI

Yassa et a., 2001 Algires City 1.67

Li et al., 2006 Philade phia 1.72

Azevedo et al., 1999 Rio de Janeiro Urban sites 1.06
1.76Rural sites

First Sampling Program Duke Forest, NC 2.15

Present study San Augustine 1.28
1.09Dallas
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S2»n Augustine

1 Miles
180120 240

Figure 4.1 Map showing San Augustine and Dallas sampling locations
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D a lla s

Figure 4.2 (a) Average monthly concentration profiles for PM 2 .5 , EC and OC for Dallas
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Figure 4.2 (b) Average monthly concentration profiles for PM 2 .5 , EC and OC for San 

Augustine
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Figure 4.4 Odd-carbon preferences for Dallas and San Augustine

Figure 4.5 CPI and % plant wax n-alkane correlation for San Augustine
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Figure 4.10 Seasonal variations for levoglucosan at Dallas and San Augustine
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Figure 4.11 (b) Weekday and weekend timing effect for polar species at San Augustine
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Figure 4.12 Seasonal variations in total n-alkanoic acid concentrations
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Figure 4.14 Seasonal variations in pinic acid
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Chapter 5

Source Apportionment of Fine Particulate Organic Carbon at Dallas and San

Augustine During TexAQS II

5.1 Introduction

Ambient particulate matter (PM) is mainly composed of carbonaceous material, 

inorganic salts and crustal minerals. PM is regulated by the National Ambient Air Quality 

Standards (NAAQS). This role of PM on human health is the driving force behind the 

NAAQS regulating atmospheric levels of PM. On an average, organic carbon (OC) is 

about one-third of the total ambient PM mass (Solomon et al., 2003). About 55% of 

primary OC is emitted from fossil fuel burning (Seinfeld and Pankow, 2003) and is a mix 

of countless individual organic compounds of varying volatility. Secondary OC results 

from oxidation of gas-phase species or from condensation of gas-phase species on 

existing particles and is often referred to as secondary organic aerosol (SOA). Elemental 

carbon (EC) is about 3% of the total PM mass, is non-volatile and exists in the particle 

phase. Sources of fine organic PM include gasoline and diesel-powered vehicle 

emissions, wood smoke, road dust and oxidation and nucleation of gaseous precursors to 

form secondary organic aerosols (SOA). Recent studies have shown biogenic SOA to be 

an important contributor to fine organic PM mass.

It is important to understand regional air quality and the factors impacting 

pollutant levels in order to develop control strategies. This study is an effort to 

characterize and compare different sources contributing to ambient PM at an urban and a 

rural site. Source apportionment models namely, PMF and CMB were used in this
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analysis. In addition to isolating primary sources and estimating their contribution to OC 

mass, this study used a-pinene photooxidation products, namely pinic and pinonic acid as 

molecular markers to estimate secondary aerosol formation.

5.2 Ambient Sampling and Chemical Analysis

Fine particulate samples were collected every third day from January 2006 to 

August 2006 at Dallas and San Augustine, Texas. Samples were collected for 24 hours 

using high-volume PM sampler (Andersen, Smyrna, GA) equipped with a 2.5 um inlet 

(MSP, Minneapolis, MN). Samples were collected on pre-baked quartz fiber filters 

(Whatman Inc, NJ) at a flow rate of 1.2 m 3 min-1. Quartz filters were pre-baked for 24 

hours prior to use at 550°C to reduce carbon blanks. Filters were stored in pre-baked 

borosilicate jars after sampling and refrigerated until chemical analysis was performed, 

similar to the sampling method discussed in Chapter 4.

One quarter of each filter was used for organic extraction using methods 

described in Chapter 4. Before extraction, the filters were spiked with a known quantity 

of an isotopically labeled standard recovery mixture to monitor extraction efficiency. The 

average extraction recovery efficiency was 6 8 % for n-alkanes and 65% for carboxylic 

acids (measured with hexadecanoic acid, decanoic acid-djg and hexanoic acid-dn). One 

microliter (1 pi) of the final extract was analyzed by gas chromatography (GC) -  mass 

spectroscopy (MS) using a Hewlett -  Packard (HP) 6890 GC and a HP 5973 MS detector. 

1- Phenyldodecane was used as a co-injection standard to quantify the instrument 

response for each sample run. Authentic standards for all species were used for 

compound identification and quantification. For some compounds, a surrogate standard 

of the same compound class was used to estimate instrument response. Multiple
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injections of authentic standards were used to determine the relative response factors and 

retention times for individual organic compounds (Mazurek et al., 1987). Polar 

compounds are difficult to identify and quantify, as they are easily lost to the GC column 

surface. These compounds were derivatized to non-polar analogs using N, O-bis 

(trimethylsilyl)-trifluoro acetamide (BSTFA) as a derivatization agent. The carboxylic 

acid groups react with BSTFA to form trimethylsilyl (TMS) derivatives (Yu et al., 1998). 

The derivatized extract was then run through GC-MS where polar compounds of interest 

show well-separated peaks. More details of the speciation of PM2.5 mass have been 

presented in Chapter 4.

5.3 Positive Matrix Factorization (PMF) Analysis

PMF is a multivariate receptor model, which was used to determine the number of 

factors (representing different sources) and the chemical composition of each source at 

both sites. The basic theory behind PMF has been discussed in Chapter 2 and will only be 

summarized here. PMF separates ambient pollutant concentrations into two sub-matrices, 

one representing the amount each source contributes to each sample and the other 

representing the source chemical composition. This matrix separation is optimized and 

depends on the number of source categories (or factors) input by the user. In addition to 

the source contribution (G) and source composition (F) matrices, PMF also generates a 

random error or residual matrix (E) with random errors as the matrix elements. This can 

be represented mathematically as:

X =G F + E (5.1)

where, X is a n x m  data matrix with n measurements and m number of elements, E is a
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n x m  matrix of residuals, G is a n x p  source contribution matrix with p sources, and F is 

a p x m  source profile matrix. The elements of the random error matrix are represented

by,

e:, = x
F

^  1 §  ik f k j (5.2)
k=1

where, i represents each sample, j  represents each chemical species and k represents each 

source category.

The objective of matrix factorization is to determine matrices G and F by minimizing the 

square of residuals weighted inversely according to equation 5.3.

Q( E)  = 1  £
<=i j=i

ij

j $  ik f  ki
k=1

U,,
(5.3)

The Q value is an important parameter of model performance, denoting the ability of the 

PMF model to accurately separate the two matrices. A highly fluctuating Q signifies the 

presence of outlying data points which the model is trying to fit with inconsistent results. 

To minimize this fluctuation, the model can either down-weight or exclude species 

identified as outliers. This approach can also be taken species with a low signal to noise 

ratio. Theoretically, the value of Q can be calculated as:

Q = [ (n xm  ) + ( n x m weak / 3 ) - ( n X p ) J (5.4)

The modeled value of Q should be near the theoretical Q calculated using the above 

equation. Species having high residuals are either down-weighted (labeled as “weak”) or
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excluded (labeled as “bad”) from the model data set. A choice of the optimal number of 

factors can be determined using Q values and pollutant dataset characteristics.

Ambient molecular marker data for 19 molecular marker species including n- 

alkanes, n-alkanoic acids, n-alkenoic acid, petroleum biomarkers, a wood combustion 

biomarker, monoterpene photooxidation products, OC and EC and their associated 

uncertainties were used as input for PMF analysis.

A total of 58 filters from Dallas and 6 6  filters from San Augustine were analyzed 

forl24 sets of ambient marker concentrations for analysis. For the current study, the 

calculated and theoretical Q values were 289.41 and 290 for Dallas and 281.50 and 308 

for San Augustine. Calculated Q values for both sites were within acceptable limits (± 

50% of theoretical Q-value) for both sites. Figure 5.1 shows the correlation between 

measured and apportioned OC mass for Dallas and San Augustine from the PMF model. 

A stronger correlation was observed for San Augustine for the apportioned and measured 

OC. The agreement between measured and apportioned mass at both sites indicates that 

most of the sources having significant contributions to PM 2.5 OC mass have been isolated 

by the model.

For both Dallas and San Augustine, a five-factor model produced the most 

satisfactory source profiles with the best agreement between the theoretical and 

calculated Q values. Calculations were also done for three, four and six factor models but 

poor agreement between the Q values and lack of marker species resolution indicated the 

model was not optimized for these conditions. Hence, a five-factor model was chosen to 

analyze the data for both sites.

PMF results were first used to determine which source categories contribute to 

PM mass at each site. Figure 5.2 shows the chemical composition of each isolated factor
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for Dallas while Figure 5.3 shows the composition of each factor for San Augustine. 

Similar results for these two sites indicate that similar sources contribute to PM mass at 

each site.

The first factor isolated was enriched in organic acids and has chemical 

composition similar to meat cooking (Rogge et al., 1991). Hexadecanoic acid (C16:0), 

octadecanoic acid (C18:0) and octadecenoic acid ( 0 8 :1 )  dominated this factor. A second 

factor enriched in pinic and pinonic acid was isolated at each site. As these compounds 

are oxidation products of a-pinene, this factor is consistent with SOA formation from 

biogenic sources. Plant wax was identified as the third factor for both the sites being 

enriched in odd-alkane species. N-alkanes C25 to C31 contributed most of the mass of this 

factor for both sites. A factor containing levoglucosan, which represents wood 

combustion, was separated at both the sites. Regional wildfires contribute significantly to 

wood smoke episodes, with wildfires reported in eastern Texas beginning November 

2005 through March 2006. A motor vehicles emission factor containing petroleum 

biomarkers was also isolated at both sites. Figure 5.4 indicates the contribution of each 

factor to species concentration. The fact that each isolated source dominates at least one 

marker indicates good model application to separate source contributions.

Source contribution to OC mass varied seasonally for Dallas and San Augustine 

(Figure 5.5). For Dallas, wood combustion factor shows a marked decrease from winter 

to spring owing to a decrease in residential wood burning activities in spring months. 

Plant wax source contribution increases significantly from winter to spring due to higher 

temperatures resulting in greater emissions from leaf abrasions. The source contribution 

attributed to the wood combustion factor in San Augustine decreased from winter to 

spring. This may be due to a decrease in forest fire activity, which peaked in between

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



97

November 2005 and March 2006 and also due to a decrease in residential wood 

combustion. The SOA-pinene factor decreases significantly from winter to spring.

Factors such as aerosol mass loading, wind speed, temperature and humidity greatly 

influence biogenic emissions. In laboratory studies (Fick et al., 2003), formation of 

pinonic acid decreases with an increase in relative humidity whereas an opposite effect is 

observed for pinic acid.

While PMF is useful in isolating sources, a separate multiple linear regression 

between source factor strengths and measured PM levels makes quantification of 

contributions difficult. A more robust method is a univariate receptor model such as 

CMB.

5.4 Chemical Mass Balance (CMB) Analysis

Source contributions to OC were computed using CMB. CMB uses measured 

pollutant concentrations, along with source information, to apportion the contributions of 

primary sources to the measured concentrations. The theory behind CMB is explained in 

detail in Chapter 2. Source profiles used for CMB were obtained from literature reports 

that used similar analytical techniques to those used in this study. The profiles included 

wood smoke (Schauer et al., 2001), meat cooking (Schauer et al., 1999), diesel exhaust 

(Fraser et al., 2002), gasoline-powered vehicles (Schauer et al., 2002) and plant wax 

particles (Rogge et al., 1993). For CMB, 16 organic compounds and EC were used as 

marker species. The organic compounds included, seven n-alkanes (C27 to C33), two 

hopanes (17a(H), 21p(H)-hopane and 17a(H), 2ip(H)-29-norhopane), two saturated fatty 

acids (hexadecanoic acid and octadecanoic acid), one unsaturated fatty acid 

(octadecenoic acid) and levoglucosan. Markers for secondary organic aerosols, such as
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pinic and pinonic acid were not included in the CMB model as CMB does not account for 

the chemical reaction that occurs between the source and receptor. This is a severe 

limitation when apportioning secondary PM, which is an important component of 

ambient PM.

Four primary sources contributing to OC were identified for both Dallas and San 

Augustine. The average source contributions for these sources are listed in Table 5.1. The 

results were statistically acceptable with average r2 of 0.74, chi-square value of 7.8 and 

T-STAT values greater than 2.0. Correlation between calculated and measured 

concentrations is an additional performance measure for CMB. These are plotted in 

Figure 5.6 with r2 values of 0.71 and 0.97 for Dallas and San Augustine, respectively.

Gasoline-powered motor vehicles have the greatest contribution with almost 54% 

of the OC for Dallas while the contribution was only 29% for San Augustine, as shown in 

Figure 5.7. Vegetative detritus contributed 5% and 1% for Dallas and San Augustine, 

respectively; meat cooking contributed 9% to OC for Dallas and 18% of OC for San 

Augustine; wood combustion contributed about 1% to OC at both sites. The average total 

OC for Dallas and San Augustine was 3.6 pg m' and 2.7 pg mf , respectively, and the 

OC apportioned to the primary sources by CMB totaled 2.4 pg m "3 and 1.1 pg m 3 for 

Dallas and San Augustine, respectively. This accounts for 66.7% of OC at Dallas and 

41% of OC at San Augustine.

The unapportioned OC was calculated as the difference between the total 

measured OC concentration and the summed concentrations of primary source 

contributions estimated by CMB model (Table 5.1). This unapportioned OC might 

include the SOA such as pinic and pinonic acid, formed by ambient photooxidation 

reactions of secondary precursors. As seen in Figure 5.7, 31% of OC mass was
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unapportioned for Dallas while almost 51% was unapportioned for San Augustine. One 

possible explanation is a greater contribution to OC from SOA formation at San 

Augustine compared to Dallas.

Unapportioned OC was correlated to pinic and pinonic acid for Dallas and San 

Augustine (Figures 5.8 and 5.9). For comparison, the results from the first sampling 

program in Duke Forest, North Carolina are also shown. The correlation between 

unapportioned OC and pinic and pinonic acid at the two sites in Texas (Figures 5.8 and 

5.9) was poor. In comparison, there is a better correlation between unapportioned OC and 

pinic and pinonic acid for the first sampling program in Duke Forest, North Carolina, as 

discussed in Chapter 3.

5.5 Conclusions

Ambient molecular marker concentrations were used to isolate emission factors 

using PMF. The emission factors, four primary and one secondary, were 1) motor 

vehicles, 2) wood combustion, 3) meat cooking, 4) plant wax and 5) SOA-pinene. Model 

performance parameters were well within the acceptable limits of Q-value and the 

regression coefficient between measured and apportioned OC mass. Wood smoke 

contributions to OC were highest in winter for both Dallas and San Augustine and 

decreased appreciable in spring. Plant wax contributions to OC increased almost three 

times from winter to spring.

Factors isolated by PMF, along with ambient molecular marker 

concentrations, were used as input for CMB. SOA markers, such as pinic and pinonic 

acid were not used for CMB as it does not account for secondary formation. Four 

primary emission sources contributing to OC mass were identified. Motor vehicles
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contributed 54% and 29% to OC mass for Dallas and San Augustine respectively. 

Unapportioned OC was calculated as the difference between the measured ambient OC 

and OC apportioned to primary sources. 31% and 51% of OC mass was unapportioned 

for Dallas and San Augustine, respectively. Unapportioned OC was correlated to 

secondary markers, pinonic and pinic acid. Both pinic and pinonic acid exhibited a poor 

correlation with unapportioned OC at the two sites in Texas. However, for the North 

Carolina site, pinic and pinonic acid concentrations are in better agreement with 

unapportioned OC. Two possible explanations may elucidate this difference. Firstly, the 

mix of biogenic sources may result in other biogenic VOC precursors to SOA formation 

in Texas. Both conifers (which emit a-pinene) and deciduous trees (which emit isoprene) 

are present in Texas, while vegetation in Duke Forest, North Carolina is predominantly 

loblolly pine. Second, greater influence from primary sources in the urban areas of Texas 

may bias the unapportioned OC from the second sampling campaign.
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Source Categories Dallas San Augustine
Gasoline-powered Vehicles 2.96 1.01

Vegetative Detritus 0.61 0.101
Meat Cooking 1.25 1.45

Wood Combustion 0.06 0.06
Total OC apportioned 2.48 1.11

Unapportioned OC 1.12 1.6
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Chapter 6

Data Interpretation of Texas and North Carolina Sites for Secondary Formation 

6.1 Introduction

Organic carbon accounts for almost 35% of fine particulate organic matter. 

Primary OC refers to organic material emitted in particulate form, whereas secondary OC 

refers to particles formed from oxidation and gas to particle conversion of primary 

emissions. Elemental carbon, which is emitted in particulate form into the atmosphere, is 

formed through primary combustion processes (Turpin et ah, 1991), which makes it a 

good tracer for primary aerosol emissions. OC-EC correlations and OC/EC ratios have 

been used to estimate the presence of secondary organic aerosol, as the OC/EC ratio for 

primary emissions is approximately constant (Turpin et al,, 1995).

6.2 Correlation of Particulate Organic and Elemental Carbon

To estimate secondary formation, OC-EC correlations and minimum OC/EC 

ratios were investigated for the Texas and North Carolina sites. The average OC and EC 

values were 3.2 pg m 3 and 0.2 pg nT3 for Duke Forest, 2.7 pg m 3 and 0.2 pg m'3 for San 

Augustine and 3.5 pg m"3 and 0.6 pg m 3 for Dallas. The OC/EC ratios were 15.1 and 5.8 

for San Augustine and Dallas respectively. Concentrations of particulate organic carbon 

were plotted against the corresponding concentration of elemental carbon for each site 

(Figure 6.1). Correlations between EC and OC for the two rural sites, San Augustine, 

Texas and Duke Forest, North Carolina are strong (r2 > 0.69). For the urban site at Dallas,
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Texas, the correlation was weak (r2 < 0.25). The correlations were likely influenced by

varying source contributions for the urban site compared to rural sites.

Increase in OC/EC ratio may suggest the presence of secondary organic aerosol. 

Since EC is formed predominantly through primary combustion processes, it has been 

used as a tracer for primary emissions (Turpin et al., 1991). While not as specific as using 

molecular markers, this approach can yield insight to the contribution of secondary 

organic aerosol formation. Secondary OC can be estimated by isolating the minimum 

OC/EC ratio and allotting excess OC to secondary formation:

where, OCtot is the measured OC, OCsec is the secondary OC, OCprj is the primary OC, 

(OC/EC)min is the estimate of primary OC/EC ratio usually selected as the minimum 

measured value. These data are presented in Table 6.1. For the remote sites of San 

Augustine and Duke Forest, the secondary component of OC varies significantly. OCsec 

was almost 54% for Duke Forest, whereas it was 32% for San Augustine. This difference 

may arise due to the fact that Duke Forest samples were collected for 12 days in summer 

with average measured OC concentration of 3.2 pg mf whereas for San Augustine, 

samples were collected from winter through spring with average measured OC 

concentration of 2.7pg m" . For Dallas, the secondary component of OC was 51% of the 

average measured levels.

For both the Texas sites, there was a consistent seasonal trend of decrease in OC 

and EC concentrations from winter through spring (Figure 6.2). An increasing trend in 

OC/EC ratio was observed for both San Augustine and Dallas from winter through spring 

(Figure 6.3) indicating the increase in SOA formation. However, the trend is not

(6.1)

OCprj = EC X (OC/EC)min (6 .2)
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statistically significant for San Augustine. No such seasonal comparison could be made 

for North Carolina due to the limited sampling schedule.

6.3 Pinic acid, Pinonic acid and Unapportioned OC

Pinonic acid and pinic acid concentrations varied at the Texas sites from winter 

through spring. The average pinic acid and pinonic values were 13.9 ng mf and 4.6 ng nrf 

3 for Duke Forest, 30.5 ng m'3 and 23.5 ng m’3 for San Augustine and 10.1 ng irf3 and

o . . .
35.2 ng m' for Dallas. Pinic acid showed a steady decrease from winter to spring months 

for both Dallas and San Augustine, whereas for Duke Forest the concentrations remained 

almost constant throughout the sampling period (Figure 6.4). Pinonic acid on the other 

hand, remained almost constant for San Augustine but showed a slight increase from 

winter to spring for Dallas; these measured concentrations for pinonic acid were almost 

constant for Duke Forest. This is partly due to the limited sampling period in North 

Carolina.

6.3.1 Effect o f Relative Humidity

Secondary organic aerosols such as pinic and pinonic acids are dependent on 

meteorological factors such as relative humidity, which determine whether the compound 

is in the gas phase or particle phase. For Texas sites, the pinic acid concentrations 

decreased with increasing humidity while pinonic acid concentrations did not vary much 

during the sampling period. Both pinic and pinonic acids have low vapor pressures (3 x

7 . . .  510' Torr for pinic acid and 6 x 1 0 '  Torr for pinonic acid) and hence easily condense to 

form particles. However, according to published laboratory studies, meteorological 

parameters such as temperature and relative humidity impact the formation of both these
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compounds. An increase in relative humidity has been shown to result in a decrease in 

formation on pinonic acid and an increase in pinic acid (Fick et al., 2003). The yield of 

pinonic acid decreased from 0.4% to 0.02% while pinic acid yields increased from 0.6% 

to 0.9% when relative humidity was increased from 20% to 50% (Fick et al., 2003). 

However, another study by Baker et al., 2001 did not observe any change in the yields of 

pinic and pinonic acid for the relative humidity range of 5% to 50%. Separately, Kamens 

and Jaoui (2001) suggested that increasing the relative humidity from 30% to 90% 

impacted the aerosol yields of pinic and pinonic acids by only 5%.

For Duke Forest, the mean relative humidity for the month of July 2003 was 8 6 % 

with a low of 63% and high of 97%. For Dallas, there was a steady increase in the 

relative humidity from January 2006 through May 2006 (59% to 70%) and same was also 

observed for San Augustine (64% to 78%) (Table 6.2). Comparing the seasonal variation 

in relative humidity to pinic and pinonic acid concentrations (Figure 6.5), pinic acid 

concentrations decrease with increase in relative humidity for Dallas and San Augustine. 

These observations were contrary to what was proposed by Fick et al., (2003): the 

average pinonic acid concentrations did not change appreciably for Dallas and San 

Augustine. The ambient data measured here are in concurrence with what was reported 

by Kamens and Jaoui (2001).

6.3.2 Effect o f Temperature

An increase in temperature has been shown to decrease the aerosol yields of pinic 

and pinonic acid by 50% (Kamens and Jaoui, 2001). During sampling in North Carolina, 

the mean temperature was 80 °F with a low of 71 °F and a high of 8 8  °F (Table 6.3). The 

mean monthly temperature increased from 55 °F to 84 °F for Dallas and from 58 °F to 85
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°F for San Augustine during the sampling period from January 2006 to May 2006. As can 

be seen from Figure 6 .6 , the increase in temperature did not correlate with observed 

concentration of pinic acid at Dallas and San Augustine. However, pinonic acid 

concentrations decreased appreciably as temperature increases for the Texas sites. 

However, as other parameters, including emission rates, atmospheric mixing and 

chemistry, affect the concentration of pinic acid and pinonic acid, no definite conclusions 

about the durability of this reaction can be reached.

6.3.3 a -Pinene Emissions

a-pinene emissions are strongly dependent on various environmental and 

meteorological parameters.

Although earlier studies (Guenther et al., 1991; Tingey et al., 1991) have reported 

monoterpene emissions to be independent of light, Staudt et al., 1995 and Loreto et al., 

1996a, found that a-pinene emissions are strongly light dependent. The mechanism of 

emission was attributed to a reservoir of monoterpene species, which is exhausted in dark 

and is related to the photosynthetic process. It has also been found that it takes about one 

hour for plants to have a steady emission of a-pinene in the transition between dark and 

light.

Temperature is the main factor affecting the emission of monoterpenes (Tingey et 

al., 1991). a  -Pinene emissions increase three times when temperature is increased from 

20 °C to 30 °C (Loreto et al., 1996a). This trend is similar to the effect of temperature on 

isoprene emissions. The reported temperature dependence of a-pinene may indicate that 

an enzyme catalyzes emissions, as is the case with isoprene (Silver et al., 1991). It was 

also observed that when temperature was increased from 20 °C to 30 °C, a-pinene
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emissions reached a transient maximum and then decreased at constant temperature to a 

value less than the transient maximum but higher than what was observed at 20 °C. 

However, another study (Kesselmeirer et al., 1996) did not observe a strong relationship 

between leaf temperatures and a-pinene emissions.

Monoterpene emissions are only slightly affected with changes in relative 

humidity (Lerdau et al., 1991). Loreto et a l, 1996a, observed a marginal increase in a- 

pinene emissions when humidity was increased from 0% to 30%, which was attributed to 

increased permeability of the cuticle to exchange gas at high humidity. Similar 

observations have been made for isoprene in isoprene-emitting species (Guenther et al., 

1991).

a-Pinene emissions are strongly inhibited when carbon dioxide (CO2) is removed 

from air and the emissions are recovered when CO2 is supplied again (Loreto et al., 

1996a). This suggests that there is a link between carbon metabolism and a-pinene 

emissions even though a-pinene response to sudden changes in CO2 levels was slower 

than the response to change in light intensity. Contrary to what was observed by Loreto et 

al., 1990, CO2 enrichment does not effect a-pinene emissions (Loreto et al., 1996a), 

suggesting that only ambient partial pressure of C 02 is sufficient for the formation of a- 

pinene.

6.4 Use of Molecular Markers for Secondary Formation

The use of pinic and pinonic acid as molecular markers for secondary aerosol 

formation is one potential means of tracking ambient SOA levels. Since pinic and pinonic 

acids are uniquely attributed to the chemistry of a -pinene in the atmosphere (Yue et a l,

1999), they potentially could serve as unique SOA markers.
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To investigate this, pinic and pinonic acids were compared to OCsec, which was 

calculated using equations 6.1 and 6.2 (Figure 6.7). Contrary to what was expected, there 

was no apparent increase in pinic and pinonic acid with an increase in OCsec for the three 

sites. This may be because pinic and pinonic are only a small fraction of OCsec, and only 

indicative of SOA originating from the oxidation of a-pinene.

As reported earlier in Chapter 5, a chemical mass balance model (CMB) was used 

to apportion OC to primary emission sources. Unapportioned OC was calculated as the 

difference between measured ambient OC and OC apportioned to primary sources. 

Primary source factors obtained from positive matrix factorization (PMF) were used for 

source apportionment using CMB. Unapportioned OC consists of OC from primary 

sources not included in source apportionment and OC from secondary sources. Several 

studies have suggested unapportioned OC as a potential means of tracking SOA 

formation (Schauer et al., 2002).

The effectiveness of pinic acid and pinonic acid as markers for secondary 

formation appears to be a function of the dominant local vegetation types. A moderate 

correlation between pinic and pinonic acid was observed for Duke Forest, whereas there 

was no apparent correlation for Dallas and San Augustine (Figures 6 . 8  and 6.9). Several 

reasons may explain why this correlation does not appear in the Texas data. First, only 

factors isolated by PMF were used for source apportionment using CMB. For this reason, 

some primary sources contributing to OC may have been omitted while apportioning OC 

to primary emission sources, resulting in a weak correlation between unapportioned OC 

and secondary markers like pinic and pinonic acid. Second, unapportioned OC may also 

contain secondary aerosol not originating from a-pinene oxidation. Since pinic and 

pinonic acid are specific molecular markers for a-pinene photooxidation, this may have
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resulted in a weak correlation with unapportioned OC. Finally, there is a significant 

difference between vegetation types in Duke Forest and Texas sites. While San 

Augustine and Dallas sites are abundant in post oak, live oak, juniper and mesquite, 

which emit primarily isoprene, not a  -pinene, Duke Forest vegetation is mainly loblolly 

pine, which may explain a better correlation between unapportioned OC and pinic and 

pinonic acid.

6.5 Conclusions

Ambient samples of PM2.5 were collected in Duke Forest, North Carolina in the 

summer of 2003 as part of the first sampling campaign. These samples were extracted for 

organic molecular markers, including n-alkanes, n-alkanoic acids, n-alkenoic acids, 

hopanes, levoglucosan and secondary organic acids. Both polar and non-polar organic 

compounds were analyzed using GC-MS and concentrations were determined using 

response factors to authentic standards. The organic species data were used as input to the 

Chemical Mass Balance (CMB) model to estimate contributions of different sources 

influencing ambient PM  mass levels at the site. A total of 5 emission sources, namely 

gasoline-powered vehicles, diesel engines, wood combustion, meat cooking and plant 

wax were identified as significant contributors to PM  levels in Duke Forest. Source 

contribution estimates for primary emissions were used to calculate the total apportioned 

OC, and the difference between measured OC and OC apportioned. A comparison of the 

unapportioned OC with the concentrations of secondary organic acids such as pinic acid 

and pinonic acid was performed to evaluate means to track secondary organic aerosol 

formation. These acids are products of photooxidation between a-pinene and atmospheric 

oxidants such as ozone, hydroxyl radical and nitrate radical and have low vapor
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pressures. As a result, these compounds are found in the particle phase and contribute to 

secondary organic aerosol formation from biogenic VOCs. A weak to moderate 

correlation between unapportioned OC and pinic and pinonic acids was the basis for the 

hypothesis that organic acids produced as a result of photooxidation of volatile precursors 

contribute to organic aerosol mass and can be used as markers for secondary formation.

For the second sampling campaign, ambient fine PM samples were collected at 

Dallas and San Augustine, Texas, as part of the Texas Air Quality Study (TexAQS) II. 

Samples were collected every third day for a 7-month period, and were analyzed for polar 

and non-polar organic species. Positive Matrix Factorization (PMF) and CMB were 

applied to the organic species concentrations. Using PMF, a total of five factors 

representing different sources were identified at both sites. These factors were interpreted 

based on composition and were identified as representing emissions from motor vehicles, 

wood combustion, meat cooking, secondary organic aerosol formation (a-pinene 

photooxidation products) and plant wax. A strong correlation was observed between 

measured OC mass and OC apportioned by PMF suggesting a good model fit. Also, other 

model performance parameters such as Q-value and residuals were within the specified 

ranges. However, PMF model predictions were sometimes skewed owing to unusually 

high marker concentrations. This was particularly observed for levoglucosan (a wood 

combustion biomarker), for the months of February and March when concentrations were 

unusually high due to frequent wildfire episodes in eastern Texas.

OC and EC showed varying correlations in ambient samples collected in the Duke 

Forest, San Augustine and Dallas sites. A weak correlation for Dallas suggests greater 

variability in the primary sources of carbonaceous particles and possibly a greater 

contribution of secondary sources to the OC mass. Stronger OC-EC correlations for Duke
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Forest and San Augustine suggest that the primary emissions at these sites are more 

uniform and not highly variable.

Secondary OC was calculated using a minimum OC/EC ratio and allotting excess 

to secondary contribution. Secondary OC contributed 54%, 32% 51% at Duke Forest,

San Augustine and Dallas, respectively. OC and EC decreased from winter to spring for 

both Dallas and San Augustine and the ratio of OC/EC increased in Dallas, indicating a 

greater contribution from SOA. Pinic and pinonic acids were compared to secondary OC, 

which was calculated using a minimum OC/EC ratio and allotting excess to secondary 

contribution, and a weak correlation was observed for the three sites. One likely 

explanation is that pinic and pinonic are only a small fraction of OCsec and other 

precursors are also likely to contribute.

CMB was used to analyze the organic data using known reports of source profiles. 

Secondary aerosol markers such as pinic and pinonic acids were not used for CMB as 

chemical reactions cannot be included in CMB. Four contributing sources were identified 

for both sites including gasoline-powered vehicles, meat cooking, wood combustion and 

vegetative detritus. As discussed earlier, source contribution estimates from CMB were 

used to calculate the unapportioned OC. According to CMB, almost 31% OC was 

unapportioned for Dallas and almost 51% for San Augustine. Source contributions to OC 

for San Augustine and Duke Forest sites are almost similar with unapportioned OC 

contributing almost 51% to OC mass for both locations. Pinic and pinonic acids were 

correlated with unapportioned OC calculated using CMB. The correlation was moderate 

for Duke Forest. However, for the Texas sites there was no apparent correlation with 

unapportioned OC. One explanation is that since the vegetation at Duke Forest is
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predominantly loblolly pine with strong a-pinene emissions, SOA is dominated by 

reaction products of a-pinene.

When comparing the results of pinic and pinonic aid to the two methods of 

estimating SOA ((OC/EC)min and CMB unapportioned), the unapportioned OC seems 

more promising as it gives decent results for Duke Forest. As this site is dominated by 

biogenic YOC emissions of a-pinene, the transfer of this method to other sites with 

greater variation in precursor emissions should include the quantification of more SOA 

markers.

As discussed in Chapter 5, the source contributions from CMB and PMF are 

inconsistent. One reason could be that PMF is based solely on ambient concentrations 

and their associated uncertainties whereas CMB relies on source profiles in addition to 

ambient concentrations and their uncertainties. PMF source profiles are calculated using 

multiple linear regression on source contribution estimates. Source profiles used for CMB 

were obtained from literature and were not site specific. This can be a major disadvantage 

for sites having dominant local sources such as biogenic secondary precursors as they 

will greatly influence contributions to PM 2.5 and OC mass. Thus, for regions where local 

sources are not important, CMB contributions may be more reliable.

6.5.1 Data Interpretation

Pinic acid and pinonic acid come from a-pinene and one would expect a higher 

concentration of these acids at Duke Forest where the vegetation is dominated by loblolly 

and Virginia pine, compared to the Texas sites where the vegetation is dominated by live 

oak, mesquite and juniper, which mainly emit isoprene. Contrary to what was expected, 

the average pinic and pinonic acid concentrations for Duke Forest (13.9 ng m "3 and
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4.6 ng m 3) were less than those for the other rural site studied, San Augustine (30.6 ng m~ 

3 and 23.6 ng m 3). Pinic acid concentrations were higher than pinonic acid concentrations

3 3at Duke Forest and San Augustine, whereas for Dallas (10.0 ng m" and 35.2 ng m' ) the 

opposite was true.

There are a number of possible explanations for the different observations for 

pinic and pinonic acid at Duke Forest, Dallas and San Augustine. Pinic acid is less 

volatile and has a higher equilibrium constant compared to pinonic acid (Jenkin et al.,

2 0 0 0 ) and is expected to readily partition to the particle phase and thus have higher 

aerosol yields compared to pinonic acid. This is consistent with the data collected in 

Duke Forest and San Augustine, whereas for Dallas, pinonic acid concentrations are 

dominant. Higher OC and EC levels from primary sources in the urban location (Dallas), 

may have provided greater partitioning for the more volatile pinonic acid (Odum et al., 

1996), thus increasing the measured pinonic acid levels.

The Duke Forest sampling campaign was conducted in the summer (July) of 2003 

whereas the Texas sampling program was conducted from winter (January) through 

spring (May) in 2006, which may partly be responsible for differences in observations for 

the North Carolina and Texas sites. While a-pinene emissions increase with increasing 

temperatures and are not affected by changes in relative humidity (Lerdau et al., 1991; 

Tingey et al., 1991), the aerosol yields of pinic acid and pinonic acid are influenced by 

changes in temperature and relative humidity (Fick et al., 2003; Kamens and Jaoui,

2001). Additionally, temperature affects the partitioning of SOA as well as pinic acid and 

pinonic acid (Odum et al., 1996). As temperatures increase, the semi volatile products of 

VOC oxidation (possibly including pinonic acid and pinic acid) may volatilize from 

particles.
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As mentioned earlier, the Texas sampling was conducted from January 2006 to 

May 2006 for a 5-month period, whereas the Duke Forest sampling was conducted in 

July 2003 for 12 days. According to the United States Drought Monitor, the Texas sites 

were under a severe drought stress with impacts ranging from severe (D2) to exceptional 

(D4) for January 2006 through March 2006. From April 2006 to May 2006, the sites were 

under moderate (D l) drought conditions. No such drought conditions were reported for 

Duke Forest for the entire sampling period in July 2003. Monoterpene emissions are 

influenced by drought stress and photosynthetic rate, although the effect of drought on 

monoterpene emissions is far from clear from literature reports. During severe stress, 

emissions are reduced by a factor of two orders of magnitude (Bertin and Staudt, 1996). 

Photosynthesis and transpiration rates decrease as soon as the soil starts to dry, whereas 

monoterpene emissions slightly increase initially for few days and then dropped when the 

daily CO2 balance approached zero (Penuelas et a l,  1999). As monoterpene precursors 

originate as a result of photosynthetic activity (Loreto et al., 1996b), under water stress, 

monoterpene emissions are highly limited by monoterpene synthesis resulting from a lack 

of carbon substrate and/or adenosine triphosphate (ATP). ATP transports chemical 

energy within the cells for various metabolic activities. Drought stress has been reported 

to significantly reduce stomatal conductance and decrease the net photosynthesis rate by 

up to 40% (Guenther et al., 1999). However, another study (Fang et al., 1996) found that 

although the photosynthesis rate and stomatal conductance were severely affected, 

monoterpene emissions remained largely unaffected. Though this difference in water 

stress pattern may have resulted in dissimilar a-pinene emissions and consequently 

different pinonic acid and pinic acid concentration levels at Texas and North Carolina 

sites, the influence is highly variable and difficult to quantify (Guenther et al., 1999).
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6.6 Suggestions for Future Research

To explain the observations made in this study, further experiments are needed. 

Site-specific source tests are needed to estimate source profiles to be used with CMB, 

rather than using a mix of different profiles from different investigations. This is 

particularly important for a site with dominant local sources. Other contributing sources 

such as road dust and coal combustion should also be looked into. Using such a data set 

for CMB and PMF analysis would present a clearer picture of contributions to OC and 

PM 2.5 mass. As preliminary results indicate, secondary organic aerosols contribute to OC 

mass. Formation of these compounds involves photooxidation of precursor gases. 

Photochemical models such as CAMx, CAMQ or CALGRID, should be applied to better 

understand their importance as these models take into account the chemical reactions 

based on chemical equations and pollution precursors. Longer sampling campaigns 

should be undertaken at a rural and an urban site to get a better understanding of seasonal 

variation at these sites. Denuder and filter sampling of primary and secondary molecular 

markers, as well as dominant precursor monoterpenes, should be undertaken to estimate 

the biogenic contribution to SOA. Various meteorological parameters such as wind speed 

and direction, relative humidity and temperature should also be noted throughout the 

sampling campaign to correlate these to observed marker concentrations. Efforts must be 

made to develop an efficient extraction technique; the extraction method used in this 

study is both time and labor intensive. On an average it took about 2 hours to extract each 

filter and concentrate the extracted volume.
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Table 6.1 Average OC, EC and secondary OC (ng m'3)

O C

measured
E C

measured O C / E C O C / T C E C / T C OCpn O C Sec

Duke Forest 3180 230 13.8 0.9 0.07 1509 1711

San
Augustine 2719 180 15.1 0.9 0.06 1840 879

Dallas 3479 600 5.8 0.80 0.15 1709 1770

Table 6.2 Relative humidity data (%)

Jan
2006

Feb
2006

March
2006

April
2006

May
2006

July
2003

Duke Forest 86

San
Augustine 64 66 68 72 70

Dallas 59 67 64 67 70

Table 6.3 Temperature data (°F)

Jan
2006

Feb
2006

March
2006

April
2006

May
2006

July
2003

Duke Forest 80

San
Augustine 57 62 70 77 85

Dallas 55 61 69 77 84
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