
Bucknell University
Bucknell Digital Commons

Master’s Theses Student Theses

2011

Investigation of the Hygroscopic and
Morphological Properties of Atmospheric Aerosols
Laura Cook
Bucknell University

Follow this and additional works at: https://digitalcommons.bucknell.edu/masters_theses

Part of the Chemical Engineering Commons

This Masters Thesis is brought to you for free and open access by the Student Theses at Bucknell Digital Commons. It has been accepted for inclusion in
Master’s Theses by an authorized administrator of Bucknell Digital Commons. For more information, please contact dcadmin@bucknell.edu.

Recommended Citation
Cook, Laura, "Investigation of the Hygroscopic and Morphological Properties of Atmospheric Aerosols" (2011). Master’s Theses. 13.
https://digitalcommons.bucknell.edu/masters_theses/13

https://digitalcommons.bucknell.edu?utm_source=digitalcommons.bucknell.edu%2Fmasters_theses%2F13&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.bucknell.edu/masters_theses?utm_source=digitalcommons.bucknell.edu%2Fmasters_theses%2F13&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.bucknell.edu/student_theses?utm_source=digitalcommons.bucknell.edu%2Fmasters_theses%2F13&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.bucknell.edu/masters_theses?utm_source=digitalcommons.bucknell.edu%2Fmasters_theses%2F13&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/240?utm_source=digitalcommons.bucknell.edu%2Fmasters_theses%2F13&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.bucknell.edu/masters_theses/13?utm_source=digitalcommons.bucknell.edu%2Fmasters_theses%2F13&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:dcadmin@bucknell.edu


 
 
 
 
 
 
 
 
 
 
 
 
 

I, Laura B. Cook, do grant permission for my thesis to be copied. 



 
 

 





ii

Acknowledgments

I would first and foremost like to thank my advisor, Dr. Tim Raymond, for

his guidance in developing and completing this project. Additionally, I would like

to thank him for his incredible enthusiasm towards aerosols science, which was a

constant motivation over these last two years. I would also like to thank Dr. Michael

Gross and Dr. Ryan Snyder for serving on my thesis committee and for providing

the necessary support, guidance and criticism along the way.

I would also like to thank Dr. Chris Daniel and Joe Moore for training me on

the ESEM, being available for troubleshooting and for guiding me as I improved my

technical abilities on the instrument. On a similar note, I would like to acknowledge

Dr. Lansing Madry and Dr. Dabrina Dutcher for their laboratory guidance and will-

ingness to assist. There are many members of the Chemical Engineering Department

that deserve recognition, particularly Nancy Lamay for her support and enthusiasm

and Diane Hall for her assistance all of these years with acquiring laboratory supplies

and contributing technical knowledge. The Aerosols Research Group especially de-

serves special recognition for at least one great year of data collection, shenanigans,

mishaps, and an overall unforgettable experience.

Lastly, and most importantly, I would like to thank my friends and family for

their steadfast love and support which made this thesis possible.



iii

Contents

Abstract xxi

1 Introduction 1

1.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.1.1 Atmospheric Aerosols . . . . . . . . . . . . . . . . . . . . . . . 1

Aerosol Circulation . . . . . . . . . . . . . . . . . . . . . . . . 3

Aerosol Size and Composition . . . . . . . . . . . . . . . . . . 4

Inorganic Aerosols . . . . . . . . . . . . . . . . . . . . . . . . 6

Organic Aerosols . . . . . . . . . . . . . . . . . . . . . . . . . 7

1.1.2 Aerosols and Climate . . . . . . . . . . . . . . . . . . . . . . . 8

1.1.3 Aerosol-Water Interactions . . . . . . . . . . . . . . . . . . . . 10



CONTENTS iv

Clouds . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

Relative Humidity . . . . . . . . . . . . . . . . . . . . . . . . 11

Water Activity . . . . . . . . . . . . . . . . . . . . . . . . . . 12

Deliquescence Relative Humidity . . . . . . . . . . . . . . . . 13

1.1.4 Growth Factors . . . . . . . . . . . . . . . . . . . . . . . . . . 14

1.1.5 Particle Morphology . . . . . . . . . . . . . . . . . . . . . . . 15

1.1.6 Kappa Values . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

1.1.7 Health Effects of Aerosols . . . . . . . . . . . . . . . . . . . . 17

1.2 Scope of Thesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

2 Materials and Methods 20

2.1 Studied Compounds . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

2.2 Solvents . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

2.3 Equipment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

Atomizers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

Diffusion Driers . . . . . . . . . . . . . . . . . . . . . . . . . . 23



CONTENTS v

Scanning Mobility Particle Sizer . . . . . . . . . . . . . . . . . 25

Electrostatic Classifier . . . . . . . . . . . . . . . . . . . . . . 26

Differential Mobility Analyzer . . . . . . . . . . . . . . . . . . 26

Condensation Particle Counter . . . . . . . . . . . . . . . . . 28

2.3.1 Hygroscopic Tandem Differential Mobility Analyzer System . . 29

2.3.2 Vibrating Orifice Aerosol Generator System . . . . . . . . . . 30

2.4 Aerosol Imaging and Analysis . . . . . . . . . . . . . . . . . . . . . . 34

2.4.1 Scanning Electron Microscope (SEM) . . . . . . . . . . . . . . 34

2.4.2 Environmental Scanning Electron Microscope . . . . . . . . . 36

3 Results and Discussion - ESEM 40

3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

3.2 Experimental . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

3.2.1 ESEM Operating Parameters . . . . . . . . . . . . . . . . . . 44

3.2.2 ESEM Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . 45

3.3 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . 48



CONTENTS vi

3.3.1 Ammonium Sulfate . . . . . . . . . . . . . . . . . . . . . . . . 49

3.3.2 Ammonium Chloride . . . . . . . . . . . . . . . . . . . . . . . 50

3.3.3 Calcium Chloride . . . . . . . . . . . . . . . . . . . . . . . . . 52

3.3.4 Sodium Chloride . . . . . . . . . . . . . . . . . . . . . . . . . 53

3.3.5 Glutaric Acid . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

3.3.6 Malonic Acid . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

3.3.7 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

4 Results and Discussion - HTDMA 59

4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

4.2 Experimental . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

4.3 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . 64

4.3.1 Sodium Chloride . . . . . . . . . . . . . . . . . . . . . . . . . 67

4.3.2 Calcium Chloride . . . . . . . . . . . . . . . . . . . . . . . . . 70

4.3.3 Ammonium Chloride . . . . . . . . . . . . . . . . . . . . . . . 72

4.3.4 Ammonium Sulfate . . . . . . . . . . . . . . . . . . . . . . . . 74



CONTENTS vii

4.3.5 Ammonium Nitrate . . . . . . . . . . . . . . . . . . . . . . . . 77

4.3.6 Adipic Acid . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

4.3.7 Aspartic Acid . . . . . . . . . . . . . . . . . . . . . . . . . . . 82

4.3.8 Azelaic Acid . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

4.3.9 Maleic Acid . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86

4.3.10 Malonic Acid . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

4.3.11 Phthalic Acid . . . . . . . . . . . . . . . . . . . . . . . . . . . 90

4.3.12 Succinic Acid . . . . . . . . . . . . . . . . . . . . . . . . . . . 92

4.3.13 Tartaric Acid . . . . . . . . . . . . . . . . . . . . . . . . . . . 97

4.3.14 Mixture A: Adipic, Maleic, and Malonic Acids . . . . . . . . . 99

4.3.15 Mixture B: Adipic, Succinic, and Malonic Acids . . . . . . . . 101

4.3.16 Mixture C: Adipic, Glutaric, Maleic, and Succinic Acids . . . 103

4.3.17 Mixture D: Adipic, Glutaric, Maleic, Aspartic and Succinic Acids106

4.3.18 Mixture E: Glutaric, Maleic, Tartaric, and Malonic Acids . . . 109

4.3.19 Mixture F: Adipic, Aspartic, Phthalic and Azelaic Acids . . . 111



CONTENTS viii

4.3.20 Mixture G: Phthalic and Azelaic Acids . . . . . . . . . . . . . 113

4.3.21 Mixture H: Tartaric and Malonic Acids . . . . . . . . . . . . . 115

4.3.22 Fitted Curves . . . . . . . . . . . . . . . . . . . . . . . . . . . 117

4.3.23 Kappa Values . . . . . . . . . . . . . . . . . . . . . . . . . . . 120

4.3.24 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125

5 Conclusions and Recommendations 127

5.1 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127

5.1.1 ESEM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 128

5.1.2 HTDMA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129

5.2 Recommendations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 130

6 Appendix A 131

6.1 UNIFAC Model Derivations . . . . . . . . . . . . . . . . . . . . . . . 131

6.1.1 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133

7 Appendix B 135



CONTENTS ix

7.1 Aerosol Distributions . . . . . . . . . . . . . . . . . . . . . . . . . . . 135

8 Appendix C 139

8.1 Atomic Force Microscopy Images of Studied Components . . . . . . . 139

8.1.1 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 143



x

List of Tables

2.1 List of Studied Compounds . . . . . . . . . . . . . . . . . . . . . . . 21

2.2 RH(%) Ranges with propagated uncertanties for five sample tempera-

tures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

3.1 Physical Properties of Chemical Species at 25oC . . . . . . . . . . . . 42

3.2 Thermodynamic and Solubility Data of Investigated Species . . . . . 47

4.1 Molecular Structures and Physical Properties of Studied Dicarboxylic

Acids . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

4.2 Hygroscopic Data of pure component dicarboxylic acids and mixtures.

Mixtures of organic species are of equal mass percent. . . . . . . . . . 65

4.3 Curve Fit Parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . 118

4.4 Experimental Kappa Values . . . . . . . . . . . . . . . . . . . . . . . 121



LIST OF TABLES xi

4.5 Petters and Kreidenweis (2007) Kappa Values . . . . . . . . . . . . . 123



xii

List of Figures

1.1 Deposition of Atmospheric Aerosols . . . . . . . . . . . . . . . . . . . 3

1.2 Typical Composition of Fine Atmospheric Aerosols . . . . . . . . . . 5

1.3 Typical Urban Aerosol Size and Composition Distribution . . . . . . 6

1.4 Effect of Aerosols on Radiative Forcing . . . . . . . . . . . . . . . . . 9

2.1 Collision-Type Atomizer . . . . . . . . . . . . . . . . . . . . . . . . . 22

2.2 Filtered Air Supply . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

2.3 Diffusion Dryer with Water Trap . . . . . . . . . . . . . . . . . . . . 24

2.4 Diffusion Dryer Diagram . . . . . . . . . . . . . . . . . . . . . . . . . 24

2.5 Electrostatic Classifier . . . . . . . . . . . . . . . . . . . . . . . . . . 27

2.6 Differential Mobility Analyzer . . . . . . . . . . . . . . . . . . . . . . 28



LIST OF FIGURES xiii

2.7 Condensation Particle Counter . . . . . . . . . . . . . . . . . . . . . . 29

2.8 HTDMA Schematic . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

2.9 Vibrating Orifice Liquid Jet Breakup . . . . . . . . . . . . . . . . . . 31

2.10 Vibrating Orifice Aerosol Generator . . . . . . . . . . . . . . . . . . . 32

2.11 Effects of corrosion on orifice plates . . . . . . . . . . . . . . . . . . . 33

2.12 Scanning Electron Microscope . . . . . . . . . . . . . . . . . . . . . . 34

2.13 Scanning Electron Microscope . . . . . . . . . . . . . . . . . . . . . . 35

2.14 Environmental Scanning Electron Microscope . . . . . . . . . . . . . 37

3.1 ESEM image of malonic acid dispersion . . . . . . . . . . . . . . . . . 44

3.2 Hygroscopic growth curves for ammonium sulfate . . . . . . . . . . . 49

3.3 Ammonium sulfate particle at 11%, 54%, 78% and 92%RH . . . . . . 50

3.4 Hygroscopic growth curves for ammonium chloride . . . . . . . . . . . 51

3.5 Ammonium chloride particle at 7.8%, 74.1%, 80.9% and 90%RH . . . 52

3.6 Hygroscopic growth curves for calcium chloride . . . . . . . . . . . . 52

3.7 Calcium chloride particle at 10.3%, 51.2%, 65.4% and 79.9%RH . . . 53



LIST OF FIGURES xiv

3.8 Hygroscopic growth curves for sodium chloride . . . . . . . . . . . . . 54

3.9 Sodium chloride particle at 38%, 73%, 75% and 96.5%RH . . . . . . . 55

3.10 Hygroscopic growth curves for glutaric acid . . . . . . . . . . . . . . . 56

3.11 Glutaric acid particle at 40%, 60%, and 82%RH . . . . . . . . . . . . 56

3.12 Hygroscopic growth curves for malonic acid . . . . . . . . . . . . . . 57

3.13 Malonic acid particle at 9%, 29%, 45%, and 79%RH . . . . . . . . . . 58

4.1 Hygroscopic growth curves for sodium chloride . . . . . . . . . . . . . 67

4.2 Full distribution for a 1 g/L sodium chloride solution . . . . . . . . . 68

4.3 Growth curves for a 1.08 shape factor applied to sodium chloride . . . 69

4.4 Size distributions for sodium chloride at 32% and 82%RH . . . . . . . 70

4.5 Hygroscopic growth curves for calcium chloride . . . . . . . . . . . . 70

4.6 Full distribution for a 1 g/L calcium chloride solution . . . . . . . . . 71

4.7 Size distributions for calcium chloride at 20% and 72% RH . . . . . . 72

4.8 Hygroscopic growth curves for ammonium chloride . . . . . . . . . . . 72

4.9 Full distribution for a 1 g/L ammonium chloride solution . . . . . . . 73



LIST OF FIGURES xv

4.10 Size distributions for ammonium chloride at 12%, 60% and 79% RH . 74

4.11 Hygroscopic growth curves for ammonium sulfate . . . . . . . . . . . 74

4.12 Full distribution for a 1 g/L ammonium sulfate solution . . . . . . . . 75

4.13 Growth curves for a 1.02 shape factor applied to ammonium sulfate . 76

4.14 Size distributions for ammonium sulfate at 40% and 82% RH . . . . . 76

4.15 Hygroscopic growth curves for ammonium nitrate . . . . . . . . . . . 77

4.16 Full distribution for a 1 g/L ammonium nitrate solution . . . . . . . . 77

4.17 Size distributions for ammonium nitrate at 10% and 85% RH . . . . . 78

4.18 Hygroscopic growth curves for adipic acid . . . . . . . . . . . . . . . 79

4.19 Full distribution for a 1 g/L adipic acid solution . . . . . . . . . . . . 79

4.20 Size distributions for adipic acid at 8% and 72% RH . . . . . . . . . . 80

4.21 AFM images for adipic acid . . . . . . . . . . . . . . . . . . . . . . . 81

4.22 Hygroscopic growth curves for aspartic acid . . . . . . . . . . . . . . 82

4.23 Full distribution for a 1 g/L aspartic acid solution . . . . . . . . . . . 82

4.24 Size distributions for aspartic acid at 16% and 74% RH . . . . . . . . 83



LIST OF FIGURES xvi

4.25 Hygroscopic growth curves for azelaic acid . . . . . . . . . . . . . . . 84

4.26 Full distribution for a 1 g/L azelaic acid solution . . . . . . . . . . . . 84

4.27 Size distributions for azelaic acid at 7% and 75% RH . . . . . . . . . 85

4.28 Hygroscopic growth curves for maleic acid . . . . . . . . . . . . . . . 86

4.29 Full distribution for a 1 g/L maleic acid solution . . . . . . . . . . . . 86

4.30 Size distributions for maleic acid at 8% and 82% RH . . . . . . . . . 87

4.31 Hygroscopic growth curves for malonic acid . . . . . . . . . . . . . . 88

4.32 Full distribution for a 1 g/L malonic acid solution . . . . . . . . . . . 88

4.33 Size distributions for malonic acid at 32% and 72% RH . . . . . . . . 89

4.34 Hygroscopic growth curves for phthalic acid . . . . . . . . . . . . . . 90

4.35 Full distribution for a 1 g/L phthalic acid solution . . . . . . . . . . . 90

4.36 Size distributions for phthalic acid at 16% and 82% RH . . . . . . . . 91

4.37 Hygroscopic growth curves for succinic acid . . . . . . . . . . . . . . 92

4.38 Full distribution for a 1 g/L succinic acid solution . . . . . . . . . . . 92

4.39 Size distributions for succinic acid at 8%, 62% and 72% RH . . . . . 94



LIST OF FIGURES xvii

4.40 AFM images of Succinic Acid . . . . . . . . . . . . . . . . . . . . . . 95

4.41 AFM images of 63 nm Succinic Acid . . . . . . . . . . . . . . . . . . 96

4.42 Hygroscopic growth curves for tartaric acid . . . . . . . . . . . . . . . 97

4.43 Full distribution for a 1 g/L tartaric acid solution . . . . . . . . . . . 97

4.44 Size distributions for tartaric acid at 17% and 83% RH . . . . . . . . 98

4.45 Hygroscopic growth curves for mixture A . . . . . . . . . . . . . . . . 99

4.46 Full distribution for a 1 g/L mixture A solution . . . . . . . . . . . . 99

4.47 Size distributions for mixture A at 9% and 77% RH . . . . . . . . . . 100

4.48 Hygroscopic growth curves for mixture B . . . . . . . . . . . . . . . . 101

4.49 Full distribution for a 1 g/L mixture B solution . . . . . . . . . . . . 101

4.50 Size distributions for mixture B at 10% and 71% RH . . . . . . . . . 102

4.51 Hygroscopic growth curves for mixture C . . . . . . . . . . . . . . . . 103

4.52 Full distribution for a 1 g/L mixture C solution . . . . . . . . . . . . 104

4.53 Size distributions for mixture C at 20% and 80% RH . . . . . . . . . 105

4.54 Hygroscopic growth curves for mixture D . . . . . . . . . . . . . . . . 106



LIST OF FIGURES xviii

4.55 Full distribution for a 1 g/L mixture D solution . . . . . . . . . . . . 107

4.56 Size distributions for mixture D at 21% and 80% RH . . . . . . . . . 108

4.57 Hygroscopic growth curves for mixture E . . . . . . . . . . . . . . . . 109

4.58 Full distribution for a 1 g/L mixture E solution . . . . . . . . . . . . 110

4.59 Size distributions for mixture E at 16% and 80% RH . . . . . . . . . 111

4.60 Hygroscopic growth curves for mixture F . . . . . . . . . . . . . . . . 111

4.61 Full distribution for a 1 g/L mixture F solution . . . . . . . . . . . . 112

4.62 Size distributions for mixture F at 13% and 80% RH . . . . . . . . . 113

4.63 Hygroscopic growth curves of mixture G . . . . . . . . . . . . . . . . 113

4.64 Full distribution for a 1 g/L mixture G solution . . . . . . . . . . . . 114

4.65 Size distributions for mixture G at 8% and 80% RH . . . . . . . . . . 115

4.66 Hygroscopic growth curves of mixture H . . . . . . . . . . . . . . . . 115

4.67 Full distribution for a 1 g/L mixture H solution . . . . . . . . . . . . 116

4.68 Size distributions for mixture H at 6% and 81% RH . . . . . . . . . . 117

4.69 Curved fit for the mode growth factors of all mixtures . . . . . . . . . 119



LIST OF FIGURES xix

4.70 Curved fit for the geometric mean growth factors of all mixtures . . . 119

4.71 Experimental Kappa Values for the Mode . . . . . . . . . . . . . . . 122

4.72 Experimental Kappa Values for the Geometric Mean . . . . . . . . . 122

4.73 Comparison of Experimental and Literature Kappa Values . . . . . . 124

4.74 Comparison of HTDMA-derived and CCNC-derived Kappa Values . . 125

7.1 Number concentration of HTDMA solutions . . . . . . . . . . . . . . 136

7.2 Mass concentration of HTDMA solutions . . . . . . . . . . . . . . . . 136

7.3 Median of HTDMA solution distributions . . . . . . . . . . . . . . . . 137

7.4 Mean of HTDMA solution distributions . . . . . . . . . . . . . . . . . 137

7.5 Mode of HTDMA solution distributions . . . . . . . . . . . . . . . . . 138

7.6 Geometric mean of HTDMA solution distributions . . . . . . . . . . . 138

8.1 AFM images of Adipic Acid . . . . . . . . . . . . . . . . . . . . . . . 140

8.2 AFM images of Aspartic Acid . . . . . . . . . . . . . . . . . . . . . . 140

8.3 AFM images of Azelaic Acid . . . . . . . . . . . . . . . . . . . . . . . 141

8.4 AFM images of Maleic Acid . . . . . . . . . . . . . . . . . . . . . . . 141



LIST OF FIGURES xx

8.5 AFM images of Malonic Acid . . . . . . . . . . . . . . . . . . . . . . 142

8.6 AFM images of Phthalic Acid . . . . . . . . . . . . . . . . . . . . . . 142



xxi

Abstract

The study of atmospheric aerosols has become increasingly important as aerosols

have been linked to air quality degradation and subsequent health issues, visibility

degradation, and climate change. The effect of aerosols on climate change is com-

plicated through direct and indirect effects with respect to radiative forcing due to

aerosol-water interactions. Directly, aerosols scatter and absorb radiation. Indirectly,

aerosols alter the rate of chemical reactions in the atmosphere that may form or de-

stroy pollutants. Additionally, the aerosols may influence secondary factors, such as

precipitation, which control how aerosols deposit.

Dry atmospheric particles that interact with water create aerosols of varying

light-scattering properties, atmospheric lifetimes, chemical reactivities and cloud-

nucleating abilities. The complications of these properties due to water interactions

and the paucity of data currently available yield the importance for understanding

and quantifying these aerosol-water interactions.

The first objective of this thesis was to examine the hygroscopic and morpho-

logical nature of various substances through the use of an Environmental Scanning



Electron Microscope (ESEM). The hygroscopic growth and changes in morphology

for pure-component aerosols were studied for particles greater than 2 µm in size.

Hygroscopic growth was observed through changes in relative humidity (RH) and

hygroscopic growth curves were created for ammonium sulfate, ammonium chloride,

sodium chloride, calcium chloride, glutaric acid, and malonic acid. The ESEM system

is advantageous over the Hygroscopic Tandem Differential Mobility Analysis (HT-

DMA) system because it offers a in-situ view of changes in morphology as particles

experience water uptake.

The second objective of this thesis, the hygroscopic growth of multi-component

aerosol mixtures, was studied using Hygroscopic Tandem Differential Mobility Anal-

ysis (HTDMA). The size distribution for an aerosol stream was determined before

and after the stream was subjected to an increase in relative humidity. The complex

mixtures examined contained combinations in equal mass amounts of adipic acid,

glutaric acid, maleic acid, aspartic acid, tartaric acid, succinic acid, malonic acid,

phthalic acid, and azelaic acid. Pure solutions of sodium chloride, ammonium sul-

fate, ammonium chloride, ammonium nitrate, calcium chloride, maleic acid, tartaric

acid, malonic acid, and phthalic acids were also run through the HTMDA system.

Novel methods for comparing hygroscopic (<100%RH) and cloud condensation nuclei

(>100%RH) data were applied to these data in the form of kappa values.

Understanding the hygroscopic growth and morphology of aerosols are essential

for understanding cloud formation and climate change. This research will provide

insight into the physical morphological changes that atmospheric particles exhibit

when experiencing changes in humidity. The results of this research will lead to
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a greater comprehension of the hygroscopic properties for organic, inorganic, and

mixed composition aerosols. The understanding of physical and chemical changes that

aerosols experience will lead to a better understanding of the impact anthropogenic

and biogenic emissions have on the atmosphere and ultimately, more accurate climate

models can be formulated.



1

Chapter 1

Introduction

1.1 Background

1.1.1 Atmospheric Aerosols

Aerosols are solids or liquid particles suspended in a gas and generally range in size

from nanometers to over 100 µm. Aerosols are formed from natural and anthropogenic

sources and these particles are continuously held within the atmosphere. Sources of

natural particles include rock and soil debris, sea spray, volcanic action, and biomass

burning. Natural sources, which directly emit the particles into the atmosphere, are

considered primary sources. Sources of particles attributed to humans primarily arise

from fuel combustion, industrial processes, and nonindustrial sources (e.g. roadway

dust, construction). Anthropogenic sources account for approximately 10 percent of
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the total amount of aerosols in our atmosphere globally. The concentration of particles

in the atmosphere tends to change based on the location, as urban areas have higher

concentrations than rural areas due to the higher density of anthropogenic sources.

A cubic centimeter of air typically contains 100 to 10,000 particles, but more urban

areas may contain over one million particles per cubic centimeter [1].

Emissions of particles as a result of gases reacting and condensing or cooling (gas-

to-particle conversion) are considered secondary aerosols. An example of a secondary

organic aerosol (SOA) is the atmospheric oxidation of biogenic (plant debris, humic

matter, microbial particles) hydrocarbons, which produces particles of low volatility

that are more susceptible to aerosol formation [2]. Specifically, sulfate aerosols are

often formed through chemical reactions from the conversion of gaseous precursors

and are considered to be a highly ubiquitous component of aerosol composition.

Once atmospheric aerosols are formed, the propensity for the particles to remain

in the atmosphere are dependent on many factors, including particle stability, size,

concentration and environmental conditions (e.g. other compounds, wind speed).

Figure 1.1 describes these factors that lead to aerosol deposition [3].
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Figure 1.1: Deposition of Atmospheric Aerosols
(Whitby and Cantrell, 1976)

Aerosol Circulation

Aerosols are altered, removed or destroyed once they enter the atmosphere, which

results in varied lifetimes of the particles in the atmosphere. Average aerosol lifetimes

are on the order of a few days to a week, but depend heavily on particle size and

location. Aerosols exit the atmosphere through two main processes: wet deposition

and dry deposition.

Wet deposition includes types of deposition involving water, such as rainout,
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washout, sweepout, and occult deposition. Rainout occurs when aerosols are small

enough to act as nuclei for the condensation of cloud droplets. Once the droplets

grow to a large enough size, they gravitationally settle to the surface as rain drops.

Washout is very similar to rainout in that cloud droplets fall as rain. However, with

washout, the aerosols are incorporated into pre-existing cloud drops that grow un-

til settling. Sweepout occurs when aerosols below the cloud base of a raining cloud

impact into falling raindrops. Finally, occult deposition occurs when aerosols are

incorporated into droplets near the ground, such as with fog or orographic clouds.

Occult deposition is dependent on impaction efficiency and sticking efficiency. Im-

paction efficiency increases for larger droplets as they are more likely to impact a

surface than smaller particles. Sticking efficiency is the probability that an impacted

object will not bounce off and be instantly re-suspended.

Dry deposition describes the process of depositing particles to a surface without

the aid of precipitation. Types of dry deposition include gravitational settling and

turbulent deposition. Gravitational settling occurs when large particles fall to the

surface under the force of gravity and turbulent deposition occurs when dry particles

are forced through the boundary layer to the surface. Particle aggregates are often

formed with turbulence induced impaction due to the higher frequency of collision.

Aerosol Size and Composition

Atmospheric aerosols are created from inorganic and organic chemicals. In a labora-

tory setting, these compositions can be made to specification. However, atmospheric
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aerosols are composed of hundreds of thousands of organic and inorganic chemicals

which are difficult to fully model experimentally. Typical aerosol compositions are

characterized in Figure 1.2.

Figure 1.2: Typical Composition of Fine Atmospheric Aerosols
(Jacob, 1999)

As illustrated in Figure 1.1, the size of an aerosol strongly affects its reactivity

and deposition. It is because of this influence that atmospheric aerosols are divided

into specific categories based on their size:

• Coarse aerosols - typically range in size from 1 to 10 µm in radius. These

aerosols are typically formed from natural sources.

• Fine aerosols - typically range in size from 0.1 to 2.5 µm in radius. These

aerosols are also known as accumulation mode particles and the aerosols are

typically formed from the condensation of gases already in the atmosphere,

such as sulfuric acid, ammonium, and organic compounds.
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• Ultra fine aerosols - typically in the size range of 10−4 to 10−3 µm. These

aerosols are formed by nucleation, the grouping of gas molecules. As conden-

sation and coagulation (collision of aerosols by random motion) occur, these

aerosols quickly grow to form fine aerosols.

Inorganic Aerosols

In a study performed by Wall et al. (1988), the concentration and size distributions of

aerosol sulfate, nitrate, ammonium, chloride, sodium, and hydrogen ions were quan-

tified for samples collected in Claremont, CA. Figure 1.3 describes how composition

was related to size and concentration for this study.

Figure 1.3: Atmospheric Environment
(Wall et al., 1988)
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These results indicate that inorganic ions (sulfate, nitrate, ammonium) experience

two modes over 0.1-1.0 µm and a third mode over 1 µm, which are classified as coarse

mode aerosols. In fact, over half of the nitrate was found to be in coarse mode with the

sodium and chloride ions, which is attributed to the reaction of nitric acid (industrial

emissions) with sodium chloride [4].

Total global aerosol sources for sulfate, nitrate and sodium chloride are estimated

to be 200 Tg sulfate/yr., 14.2 Tg nitrate/yr., and 54 Tg sea salt/yr. (where 1 Tg =

million metric tonnes) [5]. The production of sodium chloride is naturally occurring

from oceans while sulfate and nitrate particles are typically formed from secondary

sources (gas-to-particle conversion) or anthropogenic primary sources. It is also inter-

esting to note that nitrate and ammonium deposition are twice that of pre-industrial

times and sulfate deposition is currently five times that of pre-industrial times [6].

Organic Aerosols

Organic aerosol concentrations have been reported to constitute 20-50 % of total final

aerosol mass in the United states, second to sulfate and nitrate concentrations [7].

Carbonaceous aerosols are comprised of elemental carbon, carbonate carbon and

organic carbon [8]. Elemental carbon aererosols are produced through combustion

and carbonate carbon is produced by soil dust. For this study, only organic carbon

aerosols were studied as they are the most complex and least understood of aerosols.

Specifically, dicarboxylic acids were studied. Other components of organic aerosols in-

clude n-alkanes, n-alkanoic acids, n-alkanals, diterpenoid acids and retene, aromatic
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polycarboxylic acids, polycyclic aromatic hydrocarbons, polycyclic aromatic ketons

and quinones, steroids, nitrogen-containing compounds, regular steranes, pentacyclic

triterpanes, and iso- and anteiso-alkanes [1]. In a study performed by Ludwig and

Klemm (1988), dicarboxylic acids were determined to constitute the majority of or-

ganic acids aerosols. Due to the complexity of chemical structure and subsequent

impact on the atmosphere, organic aerosol behavior is not as well understood as in-

organic aerosols, and thus proves the significance for understanding the hygroscopic

behavior the mixed of organic and inorganic aerosols.

1.1.2 Aerosols and Climate

Aerosols affect the Earth’s climate directly, by scattering and absorbing radiation,

and indirectly, by serving as nuclei for cloud formation. Clouds control the reflection

of solar radiation and the trapping of energy near the Earth and thus, control weather

and climate changes. Because clouds are comprised of aerosols, aerosols have been

studied for their association with climate change. Increased concentrations of hy-

drophilic tropospheric aerosols ultimately reduce mean droplet size because the fixed

amount of water vapor in the surrounding air is divided among more condensation

nuclei [10]. Increased numbers of smaller cloud droplets increases the optical density

and albedo of the cloud, which scatters more shortwave radiation and absorbs more

long wave radiation. Increased numbers of smaller droplets also decrease the number

of droplets that form precipitation. Since these droplets cannot deposit from the

atmosphere, their atmospheric lifetimes are prolonged, which exaggerates the same

effects.
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The scattering of shortwave radiation increases the overall planetary albedo, which

results in a cooling effect on climate. In particular, sulfate aerosols contribute to a

global mean radiative forcing ranging from -0.26 to -0.82 Wm−2 [2]. The absorption

of radiation, such as by black carbon aerosols, produce an overall warming effect on

the climate. Black carbon aerosols are produced from fossil fuels and biomass burning

emissions and contribute to a global mean radiative forcing ranging from +0.27 to

+0.54 Wm−2. The effects that aerosols have on the warming or cooling changes of

climate are described in Figure 1.4

Figure 1.4: Effect of Aerosols on Radiative Forcing
(IPCC, 2007)
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As can be seen from Figure 1.4, the amount of uncertainty associated with aerosol

effects on radiative forcing is much greater than that of other atmospheric constituents

(i.e. greenhouse gases, ozone) and contributes to the large error in the total net

anthropogenic radiative forcing. It can thus be surmised that aerosol interactions

have considerable influence and require improved quantitative understanding.

1.1.3 Aerosol-Water Interactions

The Earth’s oceans comprise more than 97% of the Earth’s water where 2.1% is

contained in the polar ice caps. Only about 0.001% of Earth’s water is contained in

the atmosphere and yet, the interaction between water and atmospheric aerosols can

lead to profound changes in cloud formation, aerosol deposition and climate change.

Clouds

Clouds are formed when water vapor hydrates aerosol particles, causing the particles

to grow into cloud droplets [11]. Particles that become activated to grow into cloud

droplets in the presence of supersaturated water vapor are termed cloud condensation

nuclei (CCN). When a particle is in a moisture rich environment below its deliques-

cence relative humidity (DRH), water may adsorb onto the surface, which has the

potential of changing the composition and morphology of the particle. As the RH

reaches above the DRH of the particle, water condenses onto the solution droplet.

When the relative humidity is at or above 100%, water spontaneously condenses onto
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CCN. While many hydrophobic or water-insoluble particles do not hygroscopically

grow under 100% RH, these particles may act as CCN when the RH reaches above

100% [12]. The hygroscopicity of particle aggregates is dependent on the composition

of the particles. According to a closure study performed by McFiggans et al. (2005),

the inorganic component of aerosols are most responsible for any increase in hygro-

scopicty. However, bulk solution measurements performed by Marcolli et al. (2004)

suggested that complex mixtures composed of five or more dicarboxylic acids will

undergo deliquescence at relative humidities less than that of the pure inorganic salt

largely due to an increased entropy of mixing.

The difference in diameters between the average condensation nucleus, average

cloud droplet, and the average rain drop are approximately 0.0002 mm, 0.02 mm, and

2 mm, respectively. Precipitation results from the hygroscopic growth of a cloud con-

densation nucleus to the size of a droplet. For fine atmospheric particles (≤2.5 µm),

water typically constitutes more than half of the particle mass at relative humidities

exceeding 80% [16].

Relative Humidity

Relative humidity (RH) is defined as the percent ratio of the partial pressure of water,

pw, to its saturation vapor pressure, po
w, and is used to describe the amount of water

vapor in a gaseous mixture:
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RH(%) =
pw

pow
∗ 100 (1.1)

where a higher relative humidity value represents greater water vapor pressure.

The typical relative humidity of the atmosphere has been reported as below 110%,

and most often below 102% [12]. Changes in atmospheric RH generally occur when a

parcel of air is cooled either isobarically or adiabatically. Isobaric cooling occurs when

an air parcel moves horizontally over a cooler land mass. Adiabatic cooling occurs

when a rising air parcel experiences decreases in pressure. Both of these processes

result in a reduced temperature of the air and thus, a decrease in the saturation vapor

pressure. As shown by Equation 1.1, a decrease in saturation vapor pressure (po
w)

leads to an increase in RH.

Water Activity

Although HTDMA measurements were made using relative humidity, it is more con-

venient to express water uptake of aerosols by water activity (aw). The relationship

between RH and aw for a solution droplet is as follows:

RH

100
=

pw

pow
= awexp

(

4σsMw

ρwRTdp

)

(1.2)

where the exponential term accounts for the Kelvin curvature effect, Pw is water

partial pressure, Po
w is the saturation vapor pressure of water, σs is the surface tension
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of the solution, Mw is the molar mass of water, ρw is the density of water, R is the

ideal gas constant, T is the absolute temperature, and dp is the droplet diameter. This

relation assumes the water uptake by the aerosol does not change the RH, which can

occur when aerosol concentrations are too high. For particles greater than ∼80 nm,

the exponential term converges to unity.

Deliquescence Relative Humidity

For any given type of soluble particle, there is a critical value of RH below which

the particle is stable and above which the particle spontaneously grows to become

a droplet [1]. This transition is called deliquescence and occurs at the deliquescence

relative humidity (DRH). Deliquesence is dependent on particle composition, size,

physiochemical properties and morphology. Particles which do not exhibit deliques-

cence but grow smoothly as the relative humidity changes are termed hygroscopic.

After deliquesence, aerosols grow hygroscopically to maintain thermodynamic equi-

librium with water vapor.

The term hygroscopic behavior is frequently used to describe overall water-interactions

of aerosols. Hygroscopic behavior is independent of individual aerosol species and can

be either deliquescent or hygroscopic in nature. Throughout this study, the term hy-

groscopic behavior will be used to describe overall water-aerosol interactions and

hygroscopic will be used to described the smooth particle growth with increasing RH.
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1.1.4 Growth Factors

Experimental growth factors were calculated by comparing the size of particles during

growth (dp) to that of the dry particle (dp,o). To form a theoretical growth factor

model, the UNIversal Functional Activity Coefficient (UNIFAC) model was employed.

For this study, the mole fraction of water and the mole fractions of the components

involved were known. For a given mole fraction of water (xw) and a calculated ac-

tivity coefficient (γw), which was determined by UNIFAC through binary interaction

parameters, the water activity for the system was calculated. By using the mole frac-

tion of water and mole fractions of the system, the mass fraction solute (mfs) of the

system was calculated. The mass fraction solute (mfs) was then used to determine

growth factors (GF) through:

GF =
dp

dp,o
=





ρs
(

mfs
ρs

+ 1−mfs
ρw

)

mfs





1/3

(1.3)

where dp is the droplet diameter, dp,o is the dry particle diameter, ρs is the dry

solute density, and ρw is the density of water. Equation 1.3 assumed volume additiv-

ity to approximate the wet droplet density, as has been previously assumed in past

studies [17; 18; 19]. To create a growth factor curve, growth factors were plotted

against water activity. Additional explanations on the UNIFAC model can be found

in Appendix A.
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1.1.5 Particle Morphology

This study will also provide insight to one of the least understood properties of

atmospheric particles – morphology. The morphology of particles influences a large

number of industries, such as the pharmaceutical industry, where the size and state

of particle agglomerates affect particle behavior in the human body. The morphology

of nanopowders also affects the product quality of many manufactured goods, such

as printer toners, rubbers, paints, and fillers [20].

Shape factors (χ) will be integrated into growth factor calculations to account for

differences in particle morphology, where a dynamic shape factor is defined as the

ratio of actual resistance force for a nonspherical particle to the resistance force of a

spherical particle of equivalent volume and settling velocity.

χ =
FD

FD,M

=
FD

3πηVTde
(1.4)

FD is the drag force applied to a nonspherical particle, η is the air viscosity

(1.81·10−5 Pa·s under normal conditions), VT is the terminal velocity of the nonspher-

ical particle, and de is the equivalent volume diameter of the nonspherical particle.

The drag force (FD) and terminal velocity (VT ) of the particle have been determined

experimentally in past studies [21]. Calculations involving the equivalent volume di-

ameter of a cubic, nonspherical particle compared to that of a spherical particle are

shown here:
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Vsphere =
πd3

2

Vcube = a3

Vsphere = Vcube

πd3

2
= a3

de =
a

3

√

π
2

(1.5)

Once FD, VT , and de are determined, a shape factor can be calculated. In the

case of a cubic particle, χ equals 1.08. For a spherical morphology, χ is equivalent to

1.0 [22].

1.1.6 Kappa Values

Petters and Kreidenweis (2007) developed a single parameter to relate particle dry

diameters and cloud condensation nuclei (CNN), κ. This parameter was applied to

25 components, 8 of which were used in this study. Lower values of κ describe com-

ponents that exhibit less hygroscopic or less CCN-active behavior. Linking HTDMA

and CCN data has value such that by knowing the results of one system would lead

to predictions of the other. To calculate hygroscopic κ values, the following equation

was used, as derived by Carrico et al. (2008):
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κhygro. =
(GF 3 − 1)(1− aw)

aw
(1.6)

1.1.7 Health Effects of Aerosols

It is well known that the inhalation of small particles can have detrimental health

effects, including asthma, lung cancer, and cardiovascular problems, where particles

less than 10 µm have a higher probability of depositing deeper into the lungs. Deeper

deposition results in a higher probability of blood absorption or physical interaction

with the lungs which can pose health risks [24].

Particles greater than 10 µm are typically filtered through the tortuous nose or

throat and therefore, do not cause problems whereas particles smaller than 10 µm have

the possibility of depositing in the bronchi and lungs. Nanoparticles (particles less

than 100 nm) are the most threatening because they can pass through cell membranes

to travel throughout the blood stream to organs, such as the brain. Some studies have

suggested that particles settling in the brain could be a cause of series diseases, such

as Alzheimer Disease [25].

While particle size primarily affects deposition, so does morphology. Angular

particles tend to have a high surface area which increases the capability for other

particles or chemicals to bind to the particle. When hazardous chemicals bond to

the particles, the potential for health risks increases. Aerosol drug delivery is being

studied as one method to treat health problems as it is a rapid treatment method
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with a minimal dose and minimal side effects in comparison to other drug delivery

options (e.g. buccal, intravenous). One of the main challenges for drug delivery is due

to the hygroscopic nature of particles. Since the air and the pathway linings of the

human body have moisture, aerosol growth occurs and changes in particle size affect

aerosol deposition. By studying the nature of particle morphology and hygroscopic

growth, better treatment methods can be created.

1.2 Scope of Thesis

The investigation of the hygroscopic and morphological properties of aerosols is di-

vided into three major sections.

Chapter 2 describes the main instrumentation and methods used throughout the

study. The Environmental Scanning Electron Microscope (ESEM) is a novel in-situ

technique for characterizing single aerosol hygroscopicity and morphology whereas

the Hygroscopic Tandem Differential Mobility Analyzer (HTDMA) system is a more

commonly used system in atmospheric hygroscopic studies. The humidification sys-

tem for the HTDMA was built from laboratory materials and its accuracy was verified

by analyzing well-studied pure components.

Chapter 3 describes the operating parameters, theory and results for the ESEM

system. For this study, pure components with a dry volume diameter between 2-10 µm

were analyzed. The pure components used in this experiment included ammonium

sulfate, ammonium chloride, sodium chloride, calcium chloride, glutaric acid, and
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malonic acid.

Chapter 4 describes the operating parameters, theory and results for the HTDMA

system. For this system, pure inorganic and organic components were analyzed to

elucidate their hygroscopic properties. These pure solutions included sodium chloride,

ammonium sulfate, ammonium chloride, ammonium nitrate, calcium chloride, azelaic

acid, aspartic acid, maleic acid, tartaric acid, malonic acid, and phthalic acids. The

study of complex mixtures provided atmospherically relevant information, which can

be used for the modeling of real atmospheric conditions. Solutions of these mixed

compounds were created to an equivalent 1 g/L solution: adipic acid, glutaric acid,

maleic acid, aspartic acid, tartaric acid, succinic acid, malonic acid, phthalic acid,

and azelaic acid. Further comparison of kappa values for experimental HTDMA and

CCN work to that of published literature was summarized.

Chapter 5 summarizes the experimental results and provides recommendations

based on these results. Chapter 6 describes the UNIFAC model as Appendix A.

Chapter 7 is a compilation of raw HTDMA data for a full distribution (prior to size-

selection) and is listed as Appendix B. Chapter 8 is a compilation of Atomic Force

Microscopy images published by Juan Lopez Ruiz (2009) that were compared to the

experimental data from this study and is also listed as Appendix C.
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Chapter 2

Materials and Methods

2.1 Studied Compounds

A comprehensive list of the pure components for both the Environmental Scanning

Electron Microscope (ESEM) and Hygroscopic Tandem Differential Analysis (HT-

DMA) system are tabulated in Table 2.1. The components varied slightly between

systems (HTDMA and ESEM) and mixtures were made from these pure components

for the HTDMA experiments, as described in Table 4.2.
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Table 2.1: List of Studied Compounds

Compound Chemical Formula Supplier Purity (%)

Ammonium Chloride NH4Cl Alfa Aesar 99

Ammonium Sulfate (NH4)2SO4 Alfa Aesar 99

Calcium Chloride CaCl2 FisherBiotech 99

Sodium Chloride NaCl Alfa Aesar 99

Adipic Acid C6H10O4 Alfa Aesar 99+

DL-Aspartic Acid C4H7NO4 Acros Organics 99+

Azelaic Acid C9H16O4 Fluka 99+

Glutaric Acid C5H8O4 Alfa Aesar 99

Maleic Acid C4H4O4 Fluka 99+

Malonic Acid C3H4O4 Alfa Aesar 99

Phthalic Acid C8H6O4 Fluka 99.5+

Succinic Acid C4H6O4 Alfa Aesar 99+

L-Tartaric Acid C4H6O6 Aldrich 99.5

2.2 Solvents

The water used in all experiments was purified using a Millipore, Inc. Simplicity

Water Purification System, which purified water to a resistivity of at least 18.2 MΩ-

cm at 25oC. Any alcohol solvents used in the experiments (mainly isopropanol) were

of 99.5+% purity and 0.001% maximum residue after evaporation.
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2.3 Equipment

Atomizers

Aerosols were generated from solution using a collision-type TSI Model 3076 Atomizer

(Figure 2.1) at a pressure of 35 psia, which produced a flow rate of 3.244± 0.005 L/min.

The solutions were made with ultra-pure water and were pulled into a syringe. The

aerosols were generated by expansion of the solution through the atomizer nozzle due

to the flow of compressed air. Increased air pressure generated higher flow rates of

aerosols.

Figure 2.1: Collision-Type Atomizer
(http://www.tsi.com and TSI Model 3076 Constant Output Atomizer Man-
ual)

The compressed air used to atomize solutions was first filtered using the Model
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3074B TSI filtered air supply, shown in Figure 2.2. Two pre-filters prevent large

particles and water from entering the instrument, a membrane dryer uses selective

permeation to dehumidify the air, and a separate filter uses activated carbon pellets

to remove oil vapors and residual particles.

Figure 2.2: Filtered Air Supply
(http://www.tsi.com)

Diffusion Driers

Since aerosols are generated through the atomizing process and particles are collected

for imaging, solvent must be removed from the aerosols without damaging the final

product. To accommodate this removal of solvent, the aerosol stream first entered a

diffusion dryer equipped with a water trap, as shown in Figure 2.3. The stream then

entered a series of five dryers, which were utilized to simulate the atmospheric process

of drying. These dryers consist of concentric tubes where the aerosols pass through

the center of the dryer while the surrounding desiccant absorbs water, as illustrated

in Figure 2.4.
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Figure 2.3: Diffusion Dryer with Water Trap
(http://www.tsi.com)

Figure 2.4: Diffusion Dryer Diagram

Desiccants

Silica gel, also known as silicon dioxide (SiO2), with an average pore size of 24 Å.

The desiccant has a strong affinity for moisture because of the large surface area

that results from the interconnected pores. Moisture is attracted to the desiccant

through adsorption and capillary condensation. Although moisture can be adsorbed

up to temperatures of 220oF (105oC), silica gel is most efficient at room temperatures

(70o to 90oF) and high humidity (60 to 90% RH). The type of silica gel used in the

production of aerosols is called indicating silica gel. Indicating silica gel is washed

with cobalt chloride to give the desiccant a deep blue color when it is dry. The silica

turns to a pink color as it becomes saturated with moisture, typically around 8%

water by weight.
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Molecular sieves, or synthetic zeolite, are porous crystalline aluminosilicates that

possess strong affinity for water molecules. Due to the uniformity of zeolite’s pore

size (most commonly 4 Å), they do not release moisture into the system as readily

as silica gel when subjected to an increase in temperature. Zeolite is also preferred

over silica gel as a desiccant because it adsorbs moisture more strongly than silica gel

due to the higher heat of adsorption for water, which is a sum of the latent heat of

vaporization of water and heat of wetting.

Scanning Mobility Particle Sizer

A scanning mobility particle sizer (SMPS) is a system consisting of an electrostatic

classifier and a condensation particle counter (CPC) that are used to quantify the

particle size and concentration distributions of an aerosol stream after the stream

passes through the diffusion dryers. The particle size of an aerosol stream is selected

by a differential mobility analyzer (DMA), coupled with the electrostatic classifier,

which produces a monodisperse aerosol. The SMPS generates a size distribution by

scanning the electrostatic classifier with a series of size bins. The CPC determines

the concentration of particles in each bin.

Within the SMPS system, there exists an electrostatic classifier, differential mobil-

ity analyzers, and a condensation particle counter. These instruments are described

in the following sections.
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Electrostatic Classifier

Once aerosols are created using the atomizer and exit the series of five dryers, the

polydisperse particles enter into a TSI Model 3080 electrostatic classifier (EC) that

is coupled with a differential mobility analyzer (DMA) to produce monodisperse par-

ticles. An image of an EC is shown in Figure 2.5. The polydisperse aerosol stream

enters the EC through an impactor which removes particles of a larger size by iner-

tial impaction. Particle charges are then neutralized by a radioactive isotope (Kr-85)

which produces high concentrations of bipolar ions. These ions and particles collide

by random motion to allow charge equilibrium to be reached quickly. The flow rates

and voltage of the EC are controlled parameters. A DMA then separates particles

based on the particle’s electrical mobility, which allows for a collection of a specific

size range of particles.

As seen in Figure 2.5, the polydisperse (non-uniform size, shape or mass) aerosols

pass through the bipolar charger, which establishes a charge equilibrium using the

radioactive isotope. The particles receive either positive, negative or zero charge(s)

before entering the DMA.

Differential Mobility Analyzer

After receiving a charge from the electrostatic classifier, the particles enter a long

DMA where particles with a negative charge are attracted to the outer electrode,

non-charged (neutral) particles are removed by excess flow and positively charged
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Figure 2.5: Electrostatic Classifier
(http://www.tsi.com and TSI Model 3080-Series Electrostatic Classifiers Spec
Sheet)

particles are attracted to the center of the electrode. Only the particles within a

specified range of electrical mobility exit the DMA as monodisperse (uniform size,

shape, and mass) flow, as shown in Figure 2.6.
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Figure 2.6: Differential Mobility Analyzer
(http://www.tsi.com)

For this study, two long DMAs (TSI Model 2081) were used in series to form

a hygroscopic tandem differential mobility analyzer (HTDMA) system. After the

particles exit the DMAs, they entered a condensation particle counter (CPC) to form

a scanning mobility particle sizer (SMPS) system.

Condensation Particle Counter

A TSI Model 3775 condensation particle counter (CPC) (Figure 2.7) was used to

detect the size distribution and concentration of aerosols in the electrostatic classi-

fier. The CPC operates by heating 1-butanol to form a saturated vapor. Aerosols

enter into the vapor and are passed through a condenser where the alcohol becomes
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supersaturated. The aerosol particles act as condensation nuclei for the vapor and

begin to swell until an optical detector senses the particle’s presence.

Figure 2.7: Condensation Particle Counter (CPC)
(http://www.tsi.com)

2.3.1 Hygroscopic Tandem Differential Mobility Analyzer Sys-

tem

The hygroscopic tandem differential mobility analyzer (HTDMA) system uses all

of the equipment described above. A detailed schematic of the HTDMA system is

depicted in Figure 2.8. To summarize, aerosols are generated from solution, dried

through a series of driers and size selected by a differential mobility analyzer (DMA).

The flow then continues through a series of Nafion tubing that alters and controls

the relative humidity of the stream, which hygroscopically grows the particles into

aerosols. Post-growth, the flow enters the second DMA and a CPC to complete the

scanning mobility particle sizer (SMPS) system.
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Figure 2.8: HTDMA experimental setup

For this study, the HTDMA was used extensively to investigate the hygroscopic

properties of aerosols under 100 nm in diameter. Morphological effects were also

rationalized based on these results.

2.3.2 Vibrating Orifice Aerosol Generator System

The HTDMA system is useful for generating and analyzing particles less than 100 nm

in size. In order to produce monodisperse particles that are larger than 1 µm, a TSI

Model 3450 Vibrating Orifice Aerosol Generator (VOAG) was used. The VOAG uses

a vibrating orifice to control the breakup of a liquid jet, which enables the VOAG to
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produce uniform droplets with a standard deviation of <1% of the mean droplet size

(Figure 2.9).

Figure 2.9: Vibrating Orifice Liquid Jet Breakup
(VOAG Manual)

A syringe pump is set to a predetermined, constant volumetric flow rate to feed

a liquid stream to the vibrating orifice. The orifice is set to an oscillation operating

frequency which regulates how the jet is broken up. Once the droplets are formed,

they travel up a column of dry air, which evaporates the volatile portion of the

droplets, leaving a dry particle to be collected. The liquid flow rate, dispersion air,

dilution air, and oscillation frequency are controlled by the user. Using the liquid flow

rate (Q), oscillation frequency (f) and the volumetric concentration of the solution

(C), the final theoretical particle diameter (Dp) can be calculated:
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Dp =

(

6QC

πf

)1/3

(2.1)

A diagram and holistic image of the VOAG are shown in Figure 2.10.

Figure 2.10: Vibrating Orifice Aerosol Generator
(http://www.tsi.com)

For this study, a 60 mL syringe was used at a rate of 4.2·10−4 cm/s to produce

a liquid feed rate (Q) of 0.139 cc/min. The dilution rate was set to 45 lpm and

the dispersion air was set at 1500 cc/min. The operating frequencies were calcu-

lated by multiplying 0.6 by the maximum operating frequency and ranged from 63

to 76 kHz. Once the particles were collected onto gold-coated steel or aluminum

discs, the samples were viewed under a Scanning Electron Microscope (SEM) to en-

sure that well-dispersed, uniform particles were created from the parameters set on
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the VOAG. Samples were then created to be viewed and analyzed under the Envi-

ronmental Scanning Electron Microscope (ESEM) where a variable relative humidity

chamber allowed for the quantitative growth of the aerosols.

It is important to note that the repeated use of organic acids, especially of high

concentrations, can lead to corrosion of the system. This corrosion can cause defects

in the orifice plate, as shown in Figure 2.11, and subsequent stream deformations.

Figure 2.11: Effects of corrosion on vibrating orifice plates

The images above were taken with a Scanning Electron Microscope (SEM). To

correct the issue of corrosion, brass fittings were replaced with stainless steel fittings

and the instrument was flushed with three 60 mL syringes of pure isopropanol pre-

and post-collection.
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2.4 Aerosol Imaging and Analysis

2.4.1 Scanning Electron Microscope (SEM)

The Scanning Electron Microscope (SEM) was employed to ensure the correct VOAG

settings and solution concentration were used and that the particles were favorable

for imaging and hygroscopic analysis with respect to size range and concentration. It

was expected that more concentrated solutions would yield larger particle sizes due

to the increase in impaction. For this research, a JSM-6390 LV SEM, like the one in

Figure 2.12, was utilized.

Figure 2.12: Scanning Electron Microscope
(http://www.jeol.com)

The SEM is a type of electron microscope that uses a high-energy beam of elec-
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trons to scan a surface to ultimately create an image. A traditional optical microscope

uses lenses to bend light waves and these lenses are adjusted for focus. In the SEM,

electromagnets are used to bend an electron beam to create an image. These electro-

magnets control the magnification and clarity of the image. A diagram of an SEM is

shown in Figure 2.13.

Figure 2.13: Scanning Electron Microscope
(Encyclopedia Britannica)

A beam of electrons are produced at the electron gun by applying a voltage to heat

a metallic filament, which functions as the cathode. For this instrument, tungsten

hairpin filament was used. The electron beam follows a vertical path down through

the column towards an anode. Some electrons hit the anode, while the majority of

electrons pass down the column. As the electrons flow through the column, they pass

through electromagnetic lenses which focus and direct the beam towards the stage
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where the sample is held. Upon impact, some electrons are ejected as backscattered

or secondary electrons. Backscattered electrons (BSEs) occur when electrons circle

the nucleus and come out of the sample without slowing down. Backscatter electron

detectors are often used to capture these electrons and form images from them. Since

heavy elements (high atomic number) backscatter electrons more strongly than light

elements (low atomic number), BSEs are used to detect contrast between areas with

different chemical compositions. Secondary electrons are formed when impacting

electrons interact with the sample. The impacting electrons repel the electrons of

the sample atoms until the electrons of the sample are ejected. Since these electrons

move slowly and are negatively charged, they can be attracted to a positively charged

detector, which allows electrons to be captured from a wide area. The ability to pull

in electrons from around corners is what results in 3-D secondary electron images and

so, secondary electrons are most valuable for showing morphology and topography

of samples. Once the electrons are collected, they are converted to a voltage that is

amplified. The amplified voltage is then converted to an electrical signal that is used

to create images.

2.4.2 Environmental Scanning Electron Microscope

While the SEM operates under a vacuum to maximize the number of electrons that

reach the sample surface, a high vacuum environment may cause samples of low

volatility to evaporate and relative humidity changes cannot be attained at low pres-

sures. The Environmental Scanning Electron Microscope (ESEM) operates under low

pressure (1-50 Torr) and in the presence of certain non-corrosive gases, such as water
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vapor. In order for the ESEM to produce images, it incorporates a pressure-limiting

aperture below the objective aperture which maximizes the pressure in the chamber

while minimizing the path that the electrons must follow through to reach the sam-

ple. The ESEM also utilizes differential pumping which protects the electron optics

column from contamination of water vapor or particle fragments found in a higher

pressure environment, as shown in Figure 2.14 [27].

Figure 2.14: ESEM Diagram
(http://www.azom.com)

The incident electron beam strikes the surface and then dissipates into the ionized

gas, which is collected by the gaseous secondary electron detector (GSED). The gas
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molecules in the chamber can also deflect secondary electrons back to the detector.

It is for this reason that a higher chamber pressure can result in a higher contrast

and resolution image. If the chamber pressure is too high, however, the gas molecules

may prevent the incident beam from reaching the sample, resulting in a low contrast

and resolution image. For this study, the hygroscopic analysis of the particles >2µm

in diameter occurred with the FEI Quanta 400 Environmental Scanning Electron

Microscope. Since water vapor was the gas of interest in this study, the relative

humidity of the sample had to be well-controlled. To accomplish this, a Peltier stage

with temperature control held the sample. The maximum operating range of the

Peltier stage is -25oC to 50oC. Using the temperature, the saturation vapor pressure

of water can be determined using this 6th order polynomial as published by Ficke

and Lowe [28]:

pow(mbar) = ao + a1T + a2T
2 + a3T

3 + a4T
4 + a5T

5 + a6T
6 (2.2)

where the temperature is in oC and the constants are given as:

ao = 6.107799961

a1 = 4.436518521∗10−1

a2 = 1.428945805∗10−2

a3 = 2.650648471∗10−4

a4 = 3.031240396∗10−6

a5 = 2.034080948∗10−8

a6 = 6.136820929∗10−11
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Through calculating the saturation vapor pressure and knowing that the relative

humidity is the ratio of the water vapor pressure to the saturation vapor pressure,

the following table of data could be formulated. The water vapor pressure of interest

to this study was between 2.00 and 7.00 torr and so, Table 2.2 was created for these

pressures.

Table 2.2: RH(%) Ranges with propagated uncertanties for five sample temperatures

RH(%) Range

Temperature (oC) P = 2.00±0.01(torr) P = 7.00±0.01(torr)

4.0±0.5 32.8±0.6 114.8±1.9

5.0±0.5 30.6±0.5 107.0±1.6

15.0±0.5 15.6±0.1 54.8±0.4

20.0±0.5 11.4±0.1 39.9±0.2

30.0±0.5 6.28±0.04 22.0±0.01

By holding the temperature of the ESEM constant while slowly increasing the

pressure, the relative humidity of the ESEM chamber slowly increased. Once images

were compiled over a range of RH, the ImageJ software was used to calculate growth

factors.
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Chapter 3

Results and Discussion - ESEM

3.1 Introduction

Aerosols affect the Earth’s climate directly, by scattering and absorbing radiation,

and indirectly, by serving as nuclei for cloud formation. Clouds control the reflection

of solar radiation and the trapping of energy near the Earth and thus, control weather

and climate changes. In fact, the uptake of water by atmospheric aerosols can strongly

influence the light scattering efficiency [29; 30; 31; 32], cloud nucleating ability, and

chemical reactivity [33] of the aerosols. In addition, the composition, size, and phase

of the aerosols are complicated with these water interactions, which creates more

uncertainty in climate modeling. This study will serve to improve upon the paucity

of data available for the modeling particles greater than 2 µm in diameter.
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Electrodynamic balances, infrared absorption cells, optical microscopy, and par-

ticle mobility analyzers have been extensively used to investigate hygroscopic growth

of inorganic and organic aerosol particles in both field and laboratory settings [34].

While these techniques are useful for determining the DRH for particles, they fail to

recognize any morphological changes that may occur. With the use of the ESEM,

both hygroscopic and morphological data can be obtained through the in-situ growth

of particles of known composition.

Past studies of chemical speciation has revealed significant concentrations of sul-

fate, nitrate, and chloride anions; sodium, ammonium, and calcium cations; and

innumerous organic species [35; 36]. Such studies have also shown higher concentra-

tions of low carbon-number dicarboxylic acids when measuring water-soluble organic

carbon (WSOC) [7; 37; 38]. Past ESEM usage has been performed primarily on atmo-

spherically relevant inorganic compounds (e.g. sodium chloride, ammonium sulfate).

However, this study will be expanded to include other inorganic compounds, as well

as two common organic compounds, as listed in Table 3.1.



C
H
A
P
T
E
R

3
.

R
E
S
U
L
T
S
A
N
D

D
IS
C
U
S
S
IO

N
-
E
S
E
M

42

Table 3.1: Physical Properties of Chemical Species at 25oC

Compound MW Densitya Solubilityc DRH GF
(g/mol) (g/cm3) in 100g water (%) (85%RH)

(g)(25oC)

Ammonium Chloride 53.492 1.519 35.1 76.5-77.3d, 78.5a -
Ammonium Sulfate 132.141 1.77 70.4 79.0e,81.3d, 79.8f 1.49e,1.54g

Calcium Chloride 110.983 2.15 72.3 19-24d, 28.1a 1.54h

Sodium Chloride 58.443 2.17 32.3 74-76d, 75.0e 2.1e

Glutaric Acid 132.116 1.429(15
oC) 151.1(24

oC)b 88.9g, 85e 1.0g, 1.09i

Malonic Acid 104.062 1.619(10
oC) 163.7(24

oC)b 71.9g, 65.2i, 72.1j 1.40i, 1.32g

a CRC Handbook of Chemistry and Physics, 86th Ed.
b Brooks et al. (2002) - Bulk solution measurements (24oC)
c International Critical Tables (Interpolated)
d Cohen et al. (1987) - EDB Study
e Cruz and Pandis (2000) - TDMA Study
f Ebert et al. (2002) - ESEM Study at 5oC and extrapolated to 25oC
g Wise et al. (2003) - Bulk Solution Measurement Study at 24.7-24.9oC
h Chen and Grace Lee (1998) - TDMA Study
i Peng, Chan and Chan (2001) - EDB and Bulk Measurement Study
j Parsons et al. (2004) - Optical Microscope / Flow Cell Study at Multiple Temperatures
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3.2 Experimental

Hygroscopic experiments were conducted using a FEI Quanta 400 ESEM located

in the O’Leary Center at Bucknell University. The investigated species and their

respective physical properties were tabulated in Table 3.1. The sources and purities

for each species were tabulated in Table 2.1.

Concentrated solutions ranging from 5 g/L to 20 g/L were created for each of the

compounds and 2-10 µm particles were generated using the vibrating orifice aerosol

generator (VOAG). Each species was dissolved using 18.2 MΩ-cm resistivity ultra-

pure water generated from the Millipore, Inc. purification system. This ultra-pure

water also contained less than 20 ppb of total organic carbon. The use of ultra-pure

water is extremely important for these studies as even small amounts of inorganics

can strongly influence hygroscopic properties of aerosols [39].

Aerosols were generated for 30 minutes while filling the drying column. The

aerosol stream was then shut down and the aerosols were collected via gravitational

settling onto gold-coated discs for 1 hour. As the particles are not forced onto a

substrate, this method is believed to best simulate how aerosols are collected from

the atmosphere. Gold-coated discs were chosen as a substrate because the imaging of

aerosols on a high-Z substrate yielded better imaging contrast than when copper or

polypropylene was used [40]. Figure 3.1 illustrates the dispersion of ∼10 µm malonic

acid particles, as generated by the VOAG and captured by the ESEM.



CHAPTER 3. RESULTS AND DISCUSSION - ESEM 44

Figure 3.1: ESEM image of malonic acid dispersion

3.2.1 ESEM Operating Parameters

The ESEM was operated with a gaseous secondary electron detector (GSED). The

chamber purge settings were customized to prevent the sample from being subjected

to high relative humidities while the system pumped down. The minimum purge

pressure was set to 0.9500 torr and the maximum purge pressure was set to 5.000 torr

while at 30oC, approximately 3% and 15% RH, respectively. Beam voltages were

kept under 10 kV, as any voltage higher than 10 kV caused sample damage. A

spot size of 3.0 was also used at a working distance between 5 and 10 mm. The

average magnification was around 10,000x, where inorganics were viewed at higher

magnifications and organics were viewed under lower magnifications.

A Peltier stage pumped with cooling water was used to control the temperature
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of the chamber. This temperature was kept around 30oC during pumping, purging

and venting to prevent the samples from being subjected to a high relative humidity.

Once the system was in ESEM mode, the temperature was lowered to the operating

temperature (4oC) while the chamber was held at 1.00 torr.

Since a change in temperature had a more difficult method of control due to fluc-

tuations from the PID controller, the temperature of the chamber was held constant

while the pressure was slowly increased to increase the relative humidity environment.

5-20 minutes were allocated to each change in pressure to allow the sample to equi-

librate with its surroundings. To minimize sample-beam interactions, the beam was

blanked between each view of the sample. Each of the samples viewed underwent

deliquescence only once.

3.2.2 ESEM Analysis

Electron micrographs at varying levels of relative humidity were provided by the

ESEM and NIH’s ImageJ software (version 1.44, available at http://rsbweb.nih.gov/ij/)

was used to analyze the images. Initial attempts at using the software were to mea-

sure the particle areas and from the area, derive an effective diameter of the droplet

using:

dp,wet =

[

8√
π3

[

A
3/2
wet +

ρ

s

(

A
3/2
dry − A

3/2
wet

)

]

]1/3

(3.1)
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which correlates a circular area to a spherical volume. The solubility is denoted as

s, density as ρ, area of the wet particle as Awet, and area of the dry particle as Adry.

Complications with this equation arise when any amount of spreading occurs on a

substrate. Because only a top-down view is generated from the ESEM and unless a

surface is perfectly hydrophobic to ensure no spreading occurs, an aerosol will appear

to have a larger volume than in reality. This larger volume would translate to a

larger calculated particle diameter and seemingly more active growth. In addition

to complications with volume calculations, the software appeared to have difficulties

with the resolution of the images. Thus, ImageJ was, instead, used to directly measure

the diameters of the particles. More elaborate attempts were made with the software

to calculate areas for amorphous particles.

While most studies are performed between 20-25oC, the ESEM analysis in this

study was performed at 4oC. To compare the DRH values for different temperatures,

the correlation given by Tang and Munkelwitz (1993) was used:

ln

(

%DRH(T )

%DRH(T ∗)

)

=
(

∆Hs

R

) [

A

(

1

T
−

1

T ∗

)

− Bln
T

T ∗

− C (T − T ∗)
]

(3.2)

where %DRH(T) is the deliquescence relative humidity at temperature T, %DRH(T∗)

is the deliquescence relative humidity at another temperature T∗, ∆Hs is the enthalpy

of solution, and R is the gas constant. A, B, and C are constant coefficients of a 2nd

order polynomial fit of solubility, n, to temperature. Solubility is expressed in moles

of solute per mole of water.
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n = A+BT + CT 2 (3.3)

The parameters for Equations 3.2 and 3.3 are listed in Table 3.2, as compiled by

Moore (2006).

Table 3.2: Thermodynamic and Solubility Data of Investigated Species

Compound ∆Hs at Solubility Solubility Data

Parameters References

25oC A B C

Ammonium Chloride 14.0a 0.02731 -6.804E-4 3.466E-6 a

Ammonium Sulfate 6.4a, 6.32b 0.1149 -4.489E-4 1.385E-6 b

Calcium Chloride -56a 1.318 -9.894E-3 -9.894E-3 a

Sodium Chloride 1.88b 0.1805 -5.310E-4 9.965E-7 b

Glutaric Acid 22.6a∗ 7.329 -5.599E-2 1.075E-4 c

Malonic Acid 18.8a∗ 3.751 -2.782E-2 5.418E-5 d

* enthalpy of solution at infinite dilution; all others at lowest reported dilutions

a International Critical Tables, 1st Electronic Edition

b Tang and Munkelwitz (1993)

c Stephen and Stephen (1963)

d Apelblat and Manzurola (1987)
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3.3 Results and Discussion

The Aerosols Inorganic Model (AIM), the Gibbs Free Energy Minimization (GFEMN)

model and the UNIversal Functional Activity Coefficient (UNIFAC) thermodynamic

models have been applied to experimental data. AIM, as developed by Clegg, Brim-

blecombe and Wexler, provides thermodynamic models for gas/liquid/solid equilib-

rium and accounts for the temperature of the system, component ions involved and

interactions of the ions over the span of specified relative humidity. GFEMN is a

thermodynamically theoretical model and has been used previously for PM2.5, or fine

particles. GFEMN, as referenced by Khlystov et al. (2005), was used as a secondary

literature reference for ammonium sulfate.

UNIFAC is a semi-empirical model for predicting activity of non-ideal solutions [45].

This model uses the interaction of functional groups of a component, as well as bi-

nary interaction coefficients, to determine the activity coefficients of the mixture and

the liquid equilibria information. Equations used to derive the UNIFAC model are

explained in Appendix A.

Horizontal error bars show the propagated uncertainties for temperature and pres-

sure measurements, as set by the user. Vertical error bars show one standard deviation

of the mean growth factor between particles at the same RH. Other sources of error

were associated with particle-beam interactions in the ESEM and uncertainty with

imaging analysis.



CHAPTER 3. RESULTS AND DISCUSSION - ESEM 49

3.3.1 Ammonium Sulfate

Ammonium sulfate and sodium chloride are the best characterized inorganics in both

experimental and theoretical work. The hygroscopic growth of four ammonium sul-

fate aerosols ranging in size between 5 µm and 8 µm was characterized by ESEM

for this study. Using the equation by Tang and Munkelwitz (1993) for the tempera-

ture dependence of DRH and the thermodynamic and solubility data for ammonium

sulfate, a temperature decrease from 25oC to 4oC results in a theoretical increase in

DRH by 1.6%.

Figure 3.2: Hygroscopic growth curves for ammonium sulfate

Ammonium sulfate observed full deliquescence at 80% relative humidity, which

was ∼1% higher DRH than predicted by GFEMN. As can be seen from Figure 3.2,

deliquescence initially occured approximately 2% lower than that predicted by models
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(77%), but was not considered to fully deliquesce until 80%. Deliquescence is observed

under a microscope and thus, morphological changes can be seen on a smaller scale

before the bulk of an aerosol stream would detect the change. The DRH can then be

inferred to occur at the onset of water uptake, rather than full deliquescence. The

GFEMN model was created for particles under 2.5 µm, which may explain why the

growth in this experiment for particles greater than 2 µm was greater than that of

the model. Error in the growth factors increased with increasing relative humidity

because as water adsorbed to the particle, the edge of the particle began to disappear

into the substrate, as can been seen in Figure 3.3.

Figure 3.3: Ammonium sulfate at 11%, 54%, 78% and 92%RH, respectively

3.3.2 Ammonium Chloride

The hygroscopic properties of ammonium chloride have also been well-characterized

at 25oC, although less than that of ammonium sulfate or sodium chloride. According

to the equation provided by Tang and Munkelwitz (1993), it was calculated that a

decrease in temperature from 25o to 4oC would result in an increase of DRH by 3.2%.

For this study, three ammonium chloride particles between 3 and 7 µm were analyzed.
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Figure 3.4: Hygroscopic growth curves for ammonium chloride

As can be seen from Figure 3.4, ammonium chloride was another inorganic com-

pound that underwent deliquescence. While the Aerosol Inorganics Model predicted

a DRH of 77%, experimental DRH values ranged from 77% to 79% with respective

error bars. Figures 3.4 and 3.5 depict how ammonium chloride did not experience as

much growth compared to other inorganics with similar properties, which was pre-

dicted by AIM. Once 93% RH was reached, the particle could not be discerned from

the substrate and as a result, growth factors could not be calculated.
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Figure 3.5: Ammonium chloride at 7.8%, 74.1%, 80.9% and 90%RH, respectively. It
should be noted the 7.8% and 90% images were at a lower magnification.

3.3.3 Calcium Chloride

It is well known that calcium chloride grows hygrosopically with a very smooth growth

curve with increasing RH [46]. Four calcium chloride particles were created that

ranged in size from 5 to 8 µm.

Figure 3.6: Hygroscopic growth curves for calcium chloride
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Calcium chloride is a unique inorganic compound in that it grew hygroscopically,

rather than experiencing deliquescence. This behavior was expected as calcium chlo-

ride is used commercially as a desiccant due to its affinity for water. Although past

bulk measurement studies have shown calcium chloride to be hygroscopic, there is

still debate as to whether the component is ever dry in atmospheric environments.

In a study performed by Cohen et al. (1987), hygroscopic growth was performed on

an electrodynamic balance at 25oC and it was concluded that calcium chloride never

exists in crystalline form. The electron micrographs from this study (Figure 3.7) il-

lustrate how the edges of the particle became rounded as water uptake occurred, even

at relative humidities 10%. Large errors bars are associated with particle growth at

higher relative humidities as the particle edges were difficult to determine against the

background.

Figure 3.7: Calcium chloride particle at 10.3%, 51.2%, 65.4% and 79.9%RH, respectively

3.3.4 Sodium Chloride

The study of sodium chloride, although previously well-analyzed, is important for

several reasons. First of all, sodium chloride is a principle component in sea salt

and is ubiquitous in the atmosphere. Secondly, as its hygroscopic properties are
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well-known, sodium chloride acts as a great base study for comparison to literature

sources and other components in this study. Lastly, the DRH of sodium chloride

does not have a strong temperature relationship and can thus be compared to studies

performed at varying temperatures. Seven 3-10 µm sodium chloride particles were

created and analyzed using ESEM. According to the Tang and Munkelwitz (1993)

correlation, a decrease in temperature from 25o to 4oC would result in an increase of

DRH by only 0.8%.

Figure 3.8: Hygroscopic growth curves for sodium chloride

Although sodium chloride has been studied extensively, these ESEM results pro-

duced new information. The DRH for NaCl has been repeatedly reported as 75-77%.

However, the particles clearly begin water uptake as low as 73% RH, as verified by

Figures 3.8 and 3.9, due to the strong adsorption of water onto the crystal surface

prior to droplet formation. As per the electron micrographs, the edges of the cubic
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particles begin to round out as a result of water adsorption. Full deliquescence can be

interpreted as ∼75%, which is consistent with previous bulk aerosol measurements.

Figure 3.9: Sodium chloride particle at 38%, 74%, 75% and 96.5%RH, respectively

3.3.5 Glutaric Acid

Glutaric acid is another ubiquitous component of the atmosphere and consequently,

has been well studied. For this study, values were compared to AIM and thermo-

dynamic UNIFAC models. A decrease in temperature from 25o to 4oC theoretically

results in an increase of DRH by 4.9%. Three 2-6 µm particles of glutaric acid were

analyzed using the ESEM.
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Figure 3.10: Hygroscopic growth curves for glutaric acid

Organic compounds have a propensity to form hydrogen groups, and thus, tend

to be hydrophilic. The greater the affinity of a particle for water, the more difficult

it becomes to form images at high RH. It is because of this phenomenon that images

above 82% were unable to be analyzed for particle growth and images around 70% had

large error associated with them. As glutaric acid experienced hygroscopic behavior,

a DRH could not be determined.

Figure 3.11: Glutaric acid particle at 40%, 60%, and 82%RH, respectively
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3.3.6 Malonic Acid

Malonic acid has been reported to exhibit hygroscopic growth [47]. Three malonic

acid particles ranging in size from 4 to 7 µm were analyzed in the ESEM.

Figure 3.12: Hygroscopic growth curves for malonic acid

Although AIM predicted a DRH around 46% RH, this study resulted in hygro-

scopic growth of malonic acid due to the particles already having water adsorbed

to the surface. However, the experimental equilibrium growth was consistent with

that theorized by the models. As with glutaric acid, the image contrast for mal-

onic particles at high RH (80%) was not high enough for analysis. This decrease in

constrast has been attributed to water adsorption close to the hydrophilic particles,

which can deflect incident and dispersed electrons so the detector cannot produce a

proper image.
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Figure 3.13: Malonic acid particle at 9%, 29%, 45%, and 79%RH, respectively

3.3.7 Summary

Overall, the hygroscopic growth of components in this study were consistent with

that by published literature. In some cases, the experimental DRH was higher than

that of other studies, which can be explained by the temperature-dependence of the

component. In the case of sodium chloride, the DRH was lower than expected due to

earlier onset of water adsorption, which was seen in the ESEM, but is not quantified

in bulk measurement studies. Ammonium sulfate experienced both initial growth

before that of the reported DRH and continued to grow at a value higher than the

reported DRH.

The main complications from this system occurred at higher relative humidity

environments within the microscope when imaging and subsequent analysis became

difficult due to the hydrophilic nature of certain particles. As water uptake increased,

it became more difficult to discern the particle edge from the substrate. Thus, organic

acids and strongly hydrophilic components were difficult to image and analyze at these

levels.
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Chapter 4

Results and Discussion - HTDMA

4.1 Introduction

Organic aerosols are ubiquitous in the atmosphere, requiring that their role be ac-

counted for in aerosol-water interactions and ultimately, climate models. Accord-

ing to Kanikidou et al. (2005), 90% of total tropospheric aerosol mass can be at-

tributed to organic species and White reported that organics constitute 20-50% of

fine aerosol mass over the continental United States. Out of the total tropospheric

organic aerosols, up to 50% has been reported to be polycarboxylic acids [50; 13],

although aerosols can contain mixtures of both organic and inorganic components.

Low molecular weight dicarboxylic acids are expected to exist most prevalently in

atmospheric aerosols. Unlike their inorganic counterparts, these aerosol-water inter-

actions have not been well characterized [47] and generally exist as complex mixtures.
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As dicarboxylic acids have a tendency to form hydrogen bonds, the organic species

are hydrophilic and favorably water soluble.

In this study, five inorganic species and eight dicarboxylic acids plus their complex

mixtures were examined to determine their deliquescence and hygroscopic growth

properties. Pure components and mixtures were studied to model more realistic

atmospheric environments.

4.2 Experimental

The instrumentation involved with the hygroscopic tandem differential mobility anal-

ysis (HTDMA) was described in Section 2.3. The humidification system was built

from laboratory materials, including Nafion tubes for the membranes and a mixing

tank to ensure proper mixing of the aerosols and the humidified air stream. The

species investigated include sodium chloride, calcium chloride, ammonium chloride,

ammonium sulfate, ammonium nitrate, adipic acid, aspartic acid, azelaic acid, maleic

acid, malonic acid, phthalic acid, succinic acid, and tartaric acid. The chemical struc-

tures of the organic species are outlined in Table 4.1. Complex mixtures of organic

species were also created, as described in Table 4.2. The hygroscopic results are also

summarized in Table 4.2.

Solutions were made using ultra-purified water generated by a Millipore, Inc. wa-

ter purification system that purified the water to a resistivity of 18.2 MΩ-cm and

less than 20 ppb total organic carbon. Solutions were made to a concentration of 1
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g/L and mixtures were made with equal mass percents of each component. The hy-

groscopic properties of sodium chloride and ammonium sulfate have been extensively

reported and thus, these components were used to verify the experimental set-up and

technique.

The precision of the scanning mobility particle sizing system (SMPS) is estimated

to be ±2 nm. The Vaisala humidity and temperature probes are accurate to within

±1% RH (0-90%RH), ±2% RH (90-100%RH), and ±0.1oC. Relative humidities were

increased from below 20% to over 80% and temperature readings remained fairly

constant at 23-25oC.

First, a full size distribution for each trial was recorded to better understand the

concentrations of the generated aerosols, as well as the arithmetic mean, median,

mode, and geometric mean of the distributions (Appendix B). The arithmetic mean

size is defined as the sum of the particle diameters over the number of particle di-

ameters. The median is the absolute middle value of the data set and the mode is

the most frequency observed value of the data set. The geometric mean is another

statistical average generated by the HTDMA system and is defined by:

GM = n

√
y1 · y2 · ...yn (4.1)

The geometric mean is generally used when working with percentages (which are

derived from values), whereas the standard arithmetic mean is used with the values

themselves. For this application, the bin size can constitute a percentage of the total
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size and thus, the geometric mean can be applied.

Due to the experimental set-up of the humidification system, a wet air stream and

an aerosol stream are mixed and the relative humidity of this mixture is controlled

using a flow meter. It is due to using a flow meter that a higher initial concentration

of aerosols must be selected, as the concentration of the dry aerosol stream slowly

decreases with increasing relative humidity. For that reason, a diameter for size-

selection was determined based on the corresponding concentration of the distribution

(approximately 6·105 particles/cc). Selected particle sizes ranged between 30 and 60

nm.
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Table 4.1: Molecular Structures and Physical Properties of Studied Dicarboxylic Acids

Compound Molecular Structure Densitya(g/cm3) Solubility at 25◦C (g/L)

Adipic Acid 1.36 24.9b

DL-Aspartic Acid 1.66 5.02b

Azelaic Acid 1.23 2.14b

Maleic Acid 1.59 78.0b

Malonic Acid 1.619 1260b

Phthalic Acid 1.59 1.0b

Succinic Acid 1.572 87.7b

L-Tartaric Acid 1.79 20.6c

a CRC Handbook of Chemistry and Physics, 90th Ed. (2009).

b Apelblat and Manzurola (1987).

c Apelblat and Manzurola (1989).
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4.3 Results and Discussion

Hygroscopic properties of the pure organics and the mixtures based on literature and

this study are listed in Table 4.2.
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Table 4.2: Hygroscopic Data of pure component dicarboxylic acids and mixtures. Mixtures of organic species are of
equal mass percent.

Mixture

Compound Pure %DRH (25oC) A B C D E F G H

Adipic Acid 100a, ≥95.0b X X X X X
DL-Aspartic Acid - X X

Azelaic Acid ≥86c X X
Glutaric Acid 87.5b,88.9e X X X
Maleic Acid 87.5b, 71-86d, 88.9e X X X X
Malonic Acid hf , 71.9e X X X X
Phthalic Acid hg X X
Succinic Acid 91.0b, 97.6e, 99.1h X X X
L-Tartaric Acid hf , 77.5i X X

Number of Components 3 3 4 5 4 4 2 2
Avg. Solubility 72.8 48.7 37.8 56.6 105.0 0.4 0.19 138.5
(g/100g H2O)

Avg. MW (g/mole) 122.1 122.8 128.1 129.1 125.6 158.4 177.2 127.1
Mixture %DRH (±2%) h h 73-79 h 76-79 h h h

a Parsons et al. (2004) - Optical Microscope/Flow Cell Study at Multiple Temperatures
b Brooks et al. (2002) - Bulk solution measurements (24oC)
c Andrews and Larson (1993) - EDB measurements (20-25oC)
d Choi and Chan (2002) - EDB measurements (20-23oC)
e Wise et al. (2003) - Bulk solution measurements (24.7-24.9oC)
f Peng, Chan, and Chan (2001) - Bulk solution measurements (25oC)
g Brooks et al. (2004) - TDMA measurements (24oC)
h Marcolli, Luo, and Peter (2004) - Bulk solution measurements (25oC)
i Apelblat et al. (1995) - Vapor pressure isoteniscope technique
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The Aerosols Inorganic Model (AIM), the Gibbs Free Energy Minimization (GFEMN)

model and the UNIversal Functional Activity Coefficient (UNIFAC) thermodynamic

models have been applied to experimental data. AIM, as developed by Clegg, Brim-

blecombe and Wexler (1998), provides thermodynamic models for gas/liquid/solid

equilibrium and accounts for the temperature of the system, component ions involved

and interactions of the ions over the span of specified relative humidity [57]. Particles

which exhibit curvature effects (0.1 µm) are not yet included in the model, nor are

sulfate ions. However, current work in AIM has been to extend the model to organics.

For this study, AIM was compared to malonic acid.

GFEMN is a thermodynamically theoretical model and has been used previously

for PM2.5, also known as fine particles. GFEMN, as referenced by Khlystov et al.

(2005), was used as a secondary literature reference for ammonium sulfate [45] to

model the equilibrium growth of particles, which occurs when the free energy is

minimized. UNIFAC is a semi-empirical model for predicting activity of non-ideal

solutions [45]. This model uses the interaction of functional groups of a component,

as well as binary interaction coefficients, to determine the activity coefficients of the

mixture and the liquid equilibria information. Equations used to derive the UNIFAC

model are explained in Appendix A.

Richard Moore (2006) ran equal mass percent solutions for up to 9 organic acid

mixtures and used a trend line to quantify his findings. This trend line was applied

to the organic mixtures in this study to verify the results. Overall, the fit was consis-

tent with the results, with few exceptions, as described in the following. Published

empirical data, as published by Cruz and Pandis (2000) and Cohen et al. (1987),
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were also used to compare data with that of ammonium sulfate and calcium chloride.

Atomic Force Microscopy (AFM) images were compiled from a thesis published by

Juan Lopez-Ruiz (2009) and can be found in Appendix C.

4.3.1 Sodium Chloride

To ensure the HTDMA system was functioning properly, several inorganic salts that

have been previously well-characterized were analyzed and their hygroscopic proper-

ties were compared to that of literature. The first of these salts was sodium chloride.

Figure 4.1: Hygroscopic growth curves for sodium chloride
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Figure 4.2: Full distribution for a 1 g/L sodium chloride solution

As can been seen in Figure 4.2, the full distribution for sodium chloride is a nor-

mal distribution. Sodium chloride experienced deliquescence between 73 and 75%

RH for the mean, median, mode and geometric mean. The DRH for sodium chloride

matched that as reported by Cruz and Pandis (2000) (75%), Aerosols Inorganic Model

(AIM)(75-76%), and Gibbs Free Energy Minimization (GFEMN) model (75%). Al-

though the DRH for previous experiments and this study were consistent, the growth

factors at the DRH for this study (1.64±0.02) were below expected. AIM and Cruz

and Pandis (2000) predicted growth factors of 1.78 and GFEMN predicted 1.95 at

the DRH. To correct this issue, a dynamic shape factor of 1.08 was applied to account

for the cubic shape of NaCl particles, as described by Kramer et al. Figure 4.3 shows

the increase in growth factors after the applied shape factor correction.
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Figure 4.3: Growth curves for a 1.08 shape factor applied to sodium chloride

Once the shape factor was applied, the average growth factors at the DRH in-

creased to 1.81±0.07, which is most consistent with that of AIM. Morphological

effects did not appear to affect the size-selection as the distributions in Figure 4.4

were as expected.
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Figure 4.4: Size distributions for sodium chloride at 32% and 82%RH, respectively

4.3.2 Calcium Chloride

Figure 4.5: Hygroscopic growth curves for calcium chloride
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Figure 4.6: Full distribution for a 1 g/L calcium chloride solution

As can be seen from the growth curves, calcium chloride grew hygroscopically. The

listed literature DRH values for CaCl2 at 25
oC are 19-24% and 28.1% RH (Table 3.1).

As this experiment was conducted at an initial RH of 24% and did not produce a

DRH value, it can either be assumed that the component had a lower DRH value

than that of literature or it grew hygroscopically, as water had most likely adsorbed

to the particles’ surface.

For this study, the average maximum growth factor for the mean, median, and

geometric mean was 1.75±0.02, where as the max growth factor for the mode was

1.29. As can be seen from the distributions, the main peak (mode) of the distribution

did experience much growth (41.4 nm to 49.6 nm), but many of the peaks in the

larger size region (above the main peak) did increase in concentration with increasing
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relative humidity. This shows that growth did occur for those particles.

Figure 4.7: Size distributions for calcium chloride at 20% and 72% RH, respectively

4.3.3 Ammonium Chloride

Figure 4.8: Hygroscopic growth curves for ammonium chloride
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Figure 4.9: Full distribution for a 1 g/L ammonium chloride solution

The DRH for this study was 78%, which matched exactly with AIM and reported

literature values by Winston and Bates (1960) at 25oC. The GFs for this study were

also well-fitted to AIM. As can be seen from the distributions, ammonium chloride

exhibited normal distributions and produced distributions during size-selecting that

were expected - clean peaks with the observation of a double-charged particle peak.
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Figure 4.10: Size distributions for ammonium chloride at 12% and 60% RH, respectively

4.3.4 Ammonium Sulfate

Figure 4.11: Hygroscopic growth curves for ammonium sulfate
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Figure 4.12: Full distribution for a 1 g/L ammonium sulfate solution

The average GF for the mean, median, mode, and geometric mean at the DRH (75-

79%) was 1.34±0.03. The maximum GF occured at 87% with an average value of

1.45±0.04. The DRH values from this study compared best to that reported by

Brooks, DeMott and Kreidenweis (2004), who reported DRH values for ammonium

sulfate to be 77±2% at 30oC. The DRH values also were consistent with those of

the GFEMN model and experimental data supplied by Cruz and Pandis, which were

both at 79%. However, the GFs for this study were lower than that of either. At

the DRH of 79%, the GFEMN and Cruz and Pandis values were 1.45 and 1.43,

respectively. As suggested by Rose et al. (2008), a shape factor of 1.02 was applied

to ammonium sulfate to produce an average GF at the DRH 1.38±0.04, which is

closer to the theoretical values. This difference in growth can be seen in Figure 4.12.

As with most inorganic species, ammonium chloride exhibited normal distributions
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and produced distributions during size-selecting that were expected (Figures 4.12 and

4.14).

Figure 4.13: Growth curves for a 1.02 shape factor applied to ammonium sulfate

Figure 4.14: Size distributions for ammonium sulfate at 40% and 82% RH, respectively
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4.3.5 Ammonium Nitrate

Figure 4.15: Hygroscopic growth curves for ammonium nitrate

Figure 4.16: Full distribution for a 1 g/L ammonium nitrate solution
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In this study, ammonium nitrate grew hygroscopically, even though DRH values have

been listed in literature. According to Winston and Bates (1960), the DRH should

be ∼63%. The Aerosol Inorganic Model predicted a DRH between 60 and 61%.

As shown in Figure 4.16, growth after the supposed DRH match that of AIM. The

average maximum GF for the experimental ammonium nitrate for the mean, median,

mode and geometric mean was 1.39±0.11. The GF associated with AIM was 1.40.

The distributions for ammonium nitrate were interesting in that the full distri-

bution experienced nearly bi-modal behavior. Despite this, the size-selected distri-

butions had clean peaks, which suggests no morphological changes occurred between

particles.

Figure 4.17: Size distributions for ammonium nitrate at 10% and 85% RH, respectively
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4.3.6 Adipic Acid

Figure 4.18: Hygroscopic growth curves for adipic acid

Figure 4.19: Full distribution for a 1 g/L adipic acid solution
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As shown in Figure 4.18, the mean, median and geometric mean appear to grow

hygroscopically while the mode experiences a sharper increase in growth at 80%

RH. The sharp growth increase is consistent with UNIFAC, but occurs at a RH

approximately 18% lower. The average maximum GF for the mean, median, mode

and geometric mean is 2.52±0.20. UNIFAC predicted a growth factor of 2.60.

Compared to other organic acids, adipic acid experienced the greatest growth. As

can be seen from Figure 4.20, particles in the upper size region increased in concentra-

tion at the higher RH. It is interesting to note that adipic acid also experienced a tail

in the distribution when size-selection occurred at 30 nm, which suggests differences

in morphology between particles.

Figure 4.20: Size distributions for adipic acid at 8% and 72% RH, respectively

To confirm adipic acid experienced changes in morphology, images were taken

using Atomic Force Microscopy (AFM).
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Figure 4.21: AFM images for adipic acid
(Images courtesy of Dr. Dabrina Dutcher (2011))

As can be seen in Figure 4.21, the particles are approximately six times long

as they are tall, which accounts for the morphological changes illustrated by the

size distributions and explains the slight decrease in GF by the mode. This effect,

although similar, is not as drastic as succinic acid.
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4.3.7 Aspartic Acid

Figure 4.22: Hygroscopic growth curves for aspartic acid

Figure 4.23: Full distribution for a 1 g/L aspartic acid solution
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Figure 4.22 shows that the median and geometric mean grow similarly, whereas the

mean tends to experience more growth at lower RH and the mode appears to deli-

quesce at around 79% RH. UNIFAC fits well to the modal distribution up to 79%. As

can be seen in Figure 4.24, particles of the upper size region experience the growth

while the bulk peak does not. This is also represented in the growth factors graph

as the mode does not seem grow as rapidly as the mean, median or geometric mean

until 79%. The maximum average GF for the mean, median, mode and geometric

mean is 1.63±0.34, which reflects the range in growths.

Figure 4.24: Size distributions for aspartic acid at 16% and 74% RH, respectively
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4.3.8 Azelaic Acid

Figure 4.25: Hygroscopic growth curves for azelaic acid

Figure 4.26: Full distribution for a 1 g/L azelaic acid solution
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As can be seen from Figure 4.25, the mean and geometric mean experienced the

greatest amount of growth, followed by the median, while the mode did not experience

much, if any, growth. However, UNIFAC also does not predict much growth and so, it

best reflects the results of the mode. Most of the growth that did occur was between 75

and 81% RH. The average maximum growth was 1.17±0.11. As shown in Figure 4.27,

each distribution exhibits a tail, which suggests differences in particle morphology.

The larger particles also appear to have experienced much growth, which directly

affects the mean and geometric mean, while the bulk of the distribution (mode)

remained about the same.

Figure 4.27: Size distributions for azelaic acid at 7% and 75% RH, respectively
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4.3.9 Maleic Acid

Figure 4.28: Hygroscopic growth curves for maleic acid

Figure 4.29: Full distribution for a 1 g/L maleic acid solution
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The trend of the growth curves for maleic acid were consistent between the mean,

median, mode and geometric mean, also verified by the expected distributions for the

full and size-selected trials. Each of the growth curves experienced a sharp increase of

growth (deliquescence point) around 80% RH. The average maximum growth factor

was 2.50±0.38. The large error resulted because the mode did not show as much

growth as the mean, median and geometric mean. The maximum growth factor

predicted by UNIFAC was 2.94 and occured approximately 10% RH higher than the

experimental results.

Figure 4.30: Size distributions for maleic acid at 8% and 82% RH, respectively
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4.3.10 Malonic Acid

Figure 4.31: Hygroscopic growth curves for malonic acid

Figure 4.32: Full distribution for a 1 g/L malonic acid solution
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Malonic acid experienced hygroscopic growth that was consistent between the aver-

ages and with both UNIFAC and AIM (post-deliquescence). The maximum average

growth factor was 1.28±0.004. For a RH of ∼80%, the experimental growth factor

(1.29±0.02) also matches that published by Wise et al. (2003)(1.32). As can be seen

from Figure 4.33, the full distribution naturally has an increased number of smaller

particles (<50nm) than other full organic distributions. It is also interesting to note

that the size-selected distributions have three peaks, instead of the expected two. This

can be explained by either smaller particles of malonic acid experiencing more growth

or that doubly-charged particles are formed and exhibit greater electrical mobility.

Figure 4.33: Size distributions for malonic acid at 32% and 72% RH, respectively
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4.3.11 Phthalic Acid

Figure 4.34: Hygroscopic growth curves for phthalic acid

Figure 4.35: Full distribution for a 1 g/L phthalic acid solution
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The growth for the experimental mean and geometric mean seem to be consistent

with each other, while the mode did not experience much growth and the median was

between the two. The experimental mode curve was fairly consistent with UNIFAC,

while the mean and geometric mean curves were closer to that published by Dick

et al. (2000). The maximum average GF for all curves was 1.44±0.23 where the

mode only experienced a max GF of 1.14. The size-selected distributions, as shown

in Figure 4.36, illustrate the idea of a shift in growth towards the larger particles.

Figure 4.36: Size distributions for phthalic acid at 16% and 82% RH, respectively
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4.3.12 Succinic Acid

Figure 4.37: Hygroscopic growth curves for succinic acid

Figure 4.38: Full distribution for a 1 g/L succinic acid solution
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The maximum average GF for succinic acid in this study was 1.18±0.09. Although

the maximum GF for succinic acid was consistent with UNIFAC (1.25), the growth

curves were generally below the UNIFAC trend line for relative humidities below

79%. In fact, succinic acid experienced the most interesting results out of all the pure

organic acids. As can be seen from Figure 4.37, the growth factor trends decrease

before experiencing a sharp increase. This decrease can be explained by a change in

morphology. As succinic has been studied as a plate-like crystal, it is possible that

adsorption of water caused the partictle morphology to shift to a spherical shape,

which causes the DMAs to read a smaller overall diameter. The distributions for

succinic acid were also interesting, as each selection had a tail from the main peak,

but also had a smaller peak before the bulk diameter. The smaller peak could possibly

correspond to the DMA reading the plate-like structure from a different angle, as each

angle would influence the diameter of the readings. As depicted in Figure 4.39, the

main peak of the 72% distribution is more defined, which can confirm this theory

of morphological changes. As the aerosols become more spherical, the size selection

becomes more uniform.
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Figure 4.39: Size distributions for succinic acid at 8%, 62% and 72% RH, respectively

To further corroborate this theory of changing morphology, images were taken

using Atomic Force Microscopy (AFM). Dave Marchese (2010) also produced AFM

images of succinic acid from a full 1 g/L solution. As can be seen in Figure 4.40, the

particles formed agglomerates that were considerably longer than tall, which would

account for the unique behavior in the HTDMA system.
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Figure 4.40: AFM images of Succinic Acid from 1 g/L solution
(Dave Marchese, Bucknell University (2010))

However, Dabrina Dutcher (2011) also viewed succinic acid under the AFM and

found different results.
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Figure 4.41: AFM images of 63 nm Succinic Acid particles
(Images courtesy of Dr. Dabrina Dutcher (2011))

While the particles are still elongated, they exhibit a more spherical shape. This

phenomenon is described in Figure 4.41 and could be the result of transporting the

samples through a humid environment prior to imaging.
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4.3.13 Tartaric Acid

Figure 4.42: Hygroscopic growth of tartaric acid

Figure 4.43: Full distribution for a 1 g/L tartaric acid solution
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The growth curves for tartaric acid were fairly consistent with each other and with

UNIFAC. The curve is slightly below that of UNIFAC until 70% RH, meaning the

aerosols are not as active as predicted by theory. Above 70%, the mean and geometric

mean increase more than UNIFAC. The maximum average GF was 1.27±0.12, where

the mean and geometric mean experienced the most growth. All distributions for

tartaric acid appear to be what is expected.

Figure 4.44: Size distributions for tartaric acid at 17% and 83% RH, respectively
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4.3.14 Mixture A: Adipic, Maleic, and Malonic Acids

Figure 4.45: Hygroscopic growth curves for mixture A: adipic, maleic, and malonic acids

Figure 4.46: Full distribution for a 1 g/L mixture A solution
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Mixture A was composed of equal mass amounts of adipic, maleic and malonic acids.

As can be seen from Figure 4.45, the mixture grew hygroscopically and this growth

was consistent with UNIFAC and data published by Moore (2006). The averages

were also very consistent with each other; the maximum average growth factor for all

averages was 1.29±0.09. The full and size-selected distributions also appeared to be

normal (Figure 4.47).

Figure 4.47: Size distributions for mixture A at 9% and 77% RH, respectively
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4.3.15 Mixture B: Adipic, Succinic, and Malonic Acids

Figure 4.48: Hygroscopic growth curves for mixture B: adipic, succinic, and malonic acids

Figure 4.49: Full distribution for a 1 g/L mixture B solution
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Mixture B contained equal mass percents of adipic, succinic, and malonic acids. As

mixture B contained adipic and succinic acids, it experienced some interesting behav-

ior, much like the pure succinic acid. The modal growth curve seemed to decrease with

increasing relative humidity, while the mean, median, and geometric mean growth in-

creased hygroscopically. While the mean and geometric mean were consistent with

each other, the median experienced growth between that and the mode. The trend

published by Moore (2006) was most consistent with the median, while UNIFAC

more closely followed that of the mean and geometric mean. This unusual behavior

is enforced by the distributions shown in Figure 4.50, which are very similar to that

of pure succinic acid. The dry particle distribution has a tail off the main peak to

suggest the particles are of differing morphologies. At higher RH, the larger sized

particles increased in concentration as the smaller particles grew, which explains the

growth of the mean, median and geometric mean. The bulk peak tends to not shift as

much, which explains the minimal growth of the modal curve. The average maximum

growth factors for all averages was 1.44±0.3.

Figure 4.50: Size distributions for mixture B at 10% and 71% RH, respectively
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4.3.16 Mixture C: Adipic, Glutaric, Maleic, and Succinic

Acids

Figure 4.51: Hygroscopic growth curves for mixture C: adipic, glutaric, maleic, and suc-
cinic acids
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Figure 4.52: Full distribution for a 1 g/L mixture C solution

Mixture C contained adipic, glutaric, maleic and succinic acids. Although this mix-

ture contained adipic and succinic acids, their effects were not as well documented

due to lower concentrations of adipic and succinic acids present. Although the con-

centrations were low enough not to drastically affect growth curve behavior, a lack

of growth in the mixture curve is indicative of succinic and adipic influences. The

dramatic increase in growth by 80% RH is consistent with the behavior of pure maleic

acid. The trend line published by Moore (2006) was very consistent with the trends

of the median and mode. Again, increased concentrations of larger sized particles

contributed to the increase of the mean and geometric mean values (Figure 4.53).

The average maximum growth factor for all averages was 1.34±0.25, where the large

error can be attributed to more growth of larger particles.
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Figure 4.53: Size distributions for mixture C at 20% and 80% RH
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4.3.17 Mixture D: Adipic, Glutaric, Maleic, Aspartic and

Succinic Acids

Figure 4.54: Hygroscopic growth curves for mixture D: adipic, glutaric, maleic, aspartic
and succinic acids
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Figure 4.55: Full distribution for a 1 g/L mixture D solution

Mixture D was composed of adipic, glutaric, maleic, aspartic and succinic acids and

grew hygroscopically over the tested range of RH. The effects of adipic and succinic

acid were negated by the low concentrations of each substance. While the strong

growth effect of maleic acid was present by 78% RH, its effects were also inhibited

by the lower concentration of maleic acid in the mixture, as pure maleic acid reached

a GF over 3.0 and this mixture exhibited a max GF of 1.57 (mean). The mode and

median curves were accurately modeled by UNIFAC and were more active than that

published by Moore. The full distribution (Figure 4.55) exhibited unique behavior

of a nearly bi-modal distribution. That said, the distributions of the size-selected

particles were as expected. The average maximum growth factor was 1.35±0.14.
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Figure 4.56: Size distributions for mixture D at 21% and 80% RH, respectively
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4.3.18 Mixture E: Glutaric, Maleic, Tartaric, and Malonic

Acids

Figure 4.57: Hygroscopic growth curves for mixture E: glutaric, maleic, tartaric, and
malonic acids
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Figure 4.58: Full distribution for a 1 g/L mixture E solution

Mixture E was comprised of glutaric, maleic, tartaric and malonic acids. As can

be seen from Figure 4.57, the mixture grew hygroscopically, overall. However, the

mean and geometric mean experienced a sharp increase around 70%, which could be

considered a deliquescence point. This increase was also seen in the pure maleic acid

sample and can be concluded that maleic acid has a strong influence on the mixture.

Although not as active as UNIFAC predicted, the mixture followed the trend line

provided by Moore. The average maximum growth factor was 1.31±0.17.
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Figure 4.59: Size distributions for mixture E at 16% and 80% RH, respectively

4.3.19 Mixture F: Adipic, Aspartic, Phthalic and Azelaic

Acids

Figure 4.60: Hygroscopic growth curves for mixture F: adipic, aspartic, phthalic and aze-
laic acids
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Figure 4.61: Full distribution for a 1 g/L mixture F solution

Mixture F was composed of adipic, aspartic, phthalic and azelaic acids. While UNI-

FAC had the same trend as all the average growth curves, both UNIFAC and Moore’s

trend line seemed to fit the modal growth curve the best. The full distribution (Fig-

ure 4.61) also appeared to have bimodal behavior, which could also be found with

mixture D. Two common components between the mixtures are adipic and aspar-

tic. As neither of these two pure components showed this trend, it can be inferred

that some interaction between the two is causing the unusual distributions and that

adipic may have the greater influence, as its pure component full distribution was

not perfectly normal. The average maximum growth factor for all the averages was

1.14±0.03.
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Figure 4.62: Size distributions for mixture F at 13% and 80% RH, respectively

4.3.20 Mixture G: Phthalic and Azelaic Acids

Figure 4.63: Hygroscopic growth curves for mixture G: phthalic and azelaic acids
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Figure 4.64: Full distribution for a 1 g/L mixture G solution

Mixture G was formed from two organic acids: phthalic acid and azelaic acid. Al-

though UNIFAC best fit the modal distribution, it followed the trend of the median

well. The line formed by Moore best follows the trend of the mean and geomet-

ric mean, even though the experimental data for this study was more active than

the trend predicts. The distributions for mixture G were normal and the average

maximum growth factor for all the averages was 1.23±0.11.
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Figure 4.65: Size distributions for mixture G at 8% and 80% RH, respectively

4.3.21 Mixture H: Tartaric and Malonic Acids

Figure 4.66: Hygroscopic growth curves for mixture H: tartaric and malonic acids
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Figure 4.67: Full distribution for a 1 g/L mixture H solution

Mixture H was also composed of two organic acids: tartaric acid and malonic acid.

The grow of this mixture was hygroscopic in nature and followed UNIFAC andMoore’s

trend line well. The mean and geometric mean appear to have experienced more

growth than either of the fits, which is seen in Figure 4.68, where the concentration of

larger particles increased at higher relative humidity. The average maximum growth

factor across all averages was 1.29±0.11.
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Figure 4.68: Hygroscopic Growth Curves for Mixture H at 6% and 81% RH, respectively

4.3.22 Fitted Curves

As the mode and geometric mean are typically published growth factors, the mode

and geometric mean for all the mixtures were combined and a fit was created to

describe the data trends.

Richard Moore previously characterized his mixtures with the curve fit:

GF = A+BeC·%RH +DeE·%RH (4.2)

where the parameters are:

A = 0.9717

B = 0.0202
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C = 0.0265

D = 1.86·10−8

E = 0.17

For this study, curves that best describe the mode and geometric mean for all the

mixtures with increasing relative humidity are shown in Figures 4.69 and 4.70. These

equations were adaptations of Moore’s results so that a direct comparison could be

made. A direct comparison of the equations has been made below where the constants

have been fit to the general equation shown in Equation 4.2.

Table 4.3: Curve Fit Parameters

Constants Moore’s Fit Experimental Experimental

Mode Geometric Mean

A 0.9717 0.99 0.9702

B 0.0202 0.003 0.0202

C 0.0265 0.05 0.03

D 1.86·10−8 - 3·10−7

E 0.17 - 0.17
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Figure 4.69: Curved fit for the mode growth factors of all mixtures

Figure 4.70: Curved fit for the geometric mean growth factors of all mixtures
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4.3.23 Kappa Values

Petters and Kreidenweis (2007) developed a single parameter to relate particle dry

diameters and cloud condensation nuclei (CNN), κ. This parameter was applied to

25 components, 8 of which were used in this study. Lower values of κ describe com-

ponents that exhibit less hygroscopic or less CCN-active behavior. As this study

did not have a CCN focus, the following κ values were determined for the HTDMA

system and tabulated in Table 4.4. These values were calculated for the mode and

geometric mean of the distributions, as these are recognized as the most widely pub-

lished indicators of distribution behavior. The growth factor derived κs for Petters

and Kreidenweis were calculated at the highest measured water activity (aw∼0.9). As

not all components could be studied above 80%, κ values were determined for aw 0.7

for adipic acid, aspartic acid, and the geometric mean of mixture B. For the results in

Table 4.4, the κs were defined for a water activity above 80%, with exception of those

noted. Experimental values were further expressed in bar-graph form in Figures 4.71

and 4.72, where the error bars represent one standard deviation from the mean.
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Table 4.4: Experimental Kappa Values

Mode Geo. Mean

Compound Avg. St.Dev. Min Max Avg. St.Dev. Min Max

Ammonium Chloride 0.19 0.03 0.16 0.25 0.25 0.06 0.17 0.37

Ammonium Nitrate 0.24 0.05 0.18 0.31 0.50 0.09 0.42 0.60

Ammonium Sulfate 0.37 0.04 0.30 0.45 0.33 0.03 0.26 0.39

Calcium Chloride 0.24 0.04 0.17 0.27 1.21 0.11 1.09 1.35

Sodium Chloride 1.12 0.11 0.96 1.37 1.44 0.12 1.22 1.61

Adipic Acid* 0.05 0.01 0.03 0.06 1.36 0.58 0.75 2.70

Aspartic Acid* 0.26 0.04 0.19 0.33 0.88 0.14 0.63 1.20

Azelaic Acid 0.04 0.01 0.03 0.06 0.09 0.03 0.05 0.02

Maleic Acid 0.15 0.04 0.10 0.23 0.03 0.01 0.01 0.04

Malonic Acid 0.28 0.06 0.16 0.50 0.31 0.09 0.19 0.49

Phthalic Acid 0.07 0.02 0.05 0.10 0.45 0.11 0.28 0.60

Succinic Acid 0.14 0.07 0.07 0.22 0.07 0.01 0.02 0.21

Tartaric Acid 0.11 0.01 0.09 0.13 0.20 0.03 0.15 0.27

Mixture A 0.14 0.03 0.11 0.19 0.20 0.06 0.13 0.30

Mixture B* - - - - 0.40 0.08 0.31 0.59

Mixture C 0.09 0.01 0.06 0.09 0.33 0.07 0.22 0.47

Mixture D 0.43 0.07 0.35 0.51 0.35 0.08 0.28 0.45

Mixture E 0.12 0.02 0.09 0.14 0.32 0.05 0.28 0.39

Mixture F 0.10 0.01 0.09 0.11 0.05 0.02 0.03 0.07

Mixture G 0.06 0.01 0.05 0.08 0.16 0.03 0.12 0.22

Mixture H 0.13 0.01 0.12 0.15 0.27 0.04 0.16 0.32

*- κ values were computed for above 70% RH. Mixture B experimental mode did

not experience enough growth to calculate κ values.



CHAPTER 4. RESULTS AND DISCUSSION - HTDMA 122

Figure 4.71: Experimental Kappa Values for the Mode

Figure 4.72: Experimental Kappa Values for the Geometric Mean

The results published by Petters and Kreidenweis (2007) for the components in
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this study are tabulated below.

Table 4.5: Petters and Kreidenweis (2007) Kappa Values

Compound κlow κmean κup

Ammonium Nitrate N/A N/A N/A

Ammonium Sulfate 0.33a 0.53 0.72a

Sodium Chloride 0.91a 1.12b 1.33a

Adipic Acid N/A <0.006d N/A

Glutaric Acid 0.12 0.2a 0.28

Malonic Acid 0.28 0.44a 0.6

Phthalic Acid N/A <0.059e N/A

Succinic Acid N/A <0.006c N/A

a Koehler et al. (2006) - range of κ from Table 3

b Clegg and Wexler (1998) - Aerosol Inorganic

Model

c Chan and Chan (2003) - κ estimated from mass

GF for succinic acid was below detection limit

d Prenni et al. (2003) - GF’s for adipic acid were

below detection limit

e Huff Hartz et al. (2006) - mass GF were converted

to size GF

When comparing this study’s data (Table 4.4) to that of published values (Table 4.5
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Figure 4.73: Comparison of Experimental and Literature Kappa Values

and Figure 4.73), it can be noted that HTDMA-derived sodium chloride and CCNC-

derived ammonium sulfate exhibited similar behavior for both this study and litera-

ture data. Sodium chloride had the highest κ values in both data sets, while adipic

acid did not experience enough growth for κ values to be calculated for either set

above 80% RH. However, κ values could be calculated in this study for adipic acid

above 70% RH. The largest discrepancy between the two studies is with phthalic

acid. Huff Hartz et al. (2006) published nearly negligible κ values. In this study,

values could be calculated; however, they were considerably lower than most organic

acids and their mixtures. As phthalic acid was a component in mixtures F and G,

the mixtures had resulting lower κs. Error bars for Figure 4.73 are of the minimum

and maximum experimental kappa values, rather than standard deviation, to better

observe the range in the data.
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Figure 4.74: Comparison of HTDMA-derived and CCN-derived Kappa Values

Figure 4.74 illustrates a comparison of kappa values between two experimental

systems: HTDMA and CCNC. For every component, the CCNC-derived kappa value

was higher than that of the HTDMA value. This trend was expected as a particle

can activate more readily in a super-saturated environment than in a sub-saturated

environment. Sodium chloride exhibited slightly less activation signifying that sodium

chloride is not as susceptible to water interactions as the other studied species.

4.3.24 Summary

Several conclusions can be made from trials performed with the HTDMA system.

The most interesting of which was significant changes in adipic, azelaic and succinic

acid morphology. All three of these acids are linear dicarboxylic acids with varying
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degrees of chain length. Succinic acid has been known to form plate-like crystal

shapes. Once water adsorbs to the particle surfaces, the plate-like structure begins

to turn into a spherical droplet. This change in morphology was drastic enough to be

seen in the distributions, as well as the growth curves. It is also interesting to note the

strong influence maleic acid has on mixtures. In its pure form, maleic acid appears

to exhibit deliquescent behavior. When in a mixture, there are stronger increases in

growth curves to match that of maleic acid. Mixture C best describes this behavior

and while other mixtures containing maleic acid show some effect, the influence is

diluted due to the larger number of compounds. In fact, the more components the

mixtures contained, the less unusual behavior was exhibited as the mixture behavior

seemed to converge, especially for those mixtures containing succinic and/or maleic

acids.

It was noted that mixtures containing few components seemed to have stronger

increase in growth over those mixtures with more than 2 or 3 components, which

grew more slowly and steadily. Shape factors were used to account for changes in

morphology of particles, specifically ammonium sulfate and sodium chloride. The

DMAs determine particle size based on electrical mobility and therefore, lack the

ability to detect and account for changes in morphology.



127

Chapter 5

Conclusions and Recommendations

5.1 Conclusions

Inorganic aerosols properties have been studied extensively and well-characterized

while only recent studies have examined the effects of organics with respect to aerosol-

water interactions. While other experimental techniques are able to capture bulk hy-

groscopic properties, few, if any, are able to capture morphological changes associated

with deliquescence and hygroscopic growth. The ESEM provides this advantage over

typical experiments (e.g. flow cell, electrodynamic balance, TDMA). The majority of

past experimentation also focused on either pure substances or mixtures up to three

components, inorganics or organics. In this HTDMA study, organic mixtures up to

five components were analyzed.
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5.1.1 ESEM

Using the ESEM to analyze in-situ growth of aerosols is a novel, useful tool for hy-

groscopic and morphological studies. For this study, particle growth was assessed

quantitatively (DRH, GFs) and qualitatively (morphologically) for ammonium sul-

fate, ammonium chloride, calcium chloride, sodium chloride, glutaric acid and malonic

acid aerosols. Moore (2006) previously studied pure component particles within 800

nm-2 µm diameter size range. To create a full data set and more realistic model for

potential aerosol sizes, this study analyzed the same component particles up to 10

µms.

Overall, the hygroscopic growth of components in this study were consistent with

that by published literature. In some cases, the experimental DRH was higher than

that of other studies, which can be explained by the temperature-dependence of the

component. In the case of sodium chloride, the DRH was lower than expected due to

earlier onset of water adsorption, which was seen in the ESEM, but is not quantified

in bulk measurement studies. Ammonium sulfate experienced both initial growth

before that of the reported DRH and continued to grow at a value higher than the

reported DRH.

The main complications from this system occurred at higher relative humidity

environments within the microscope when imaging and subsequent analysis became

difficult due to the hydrophilic nature of certain particles. As water uptake increased,

it became more difficult to discern the particle edge from the substrate. Thus, organic

acids and strongly hydrophilic components were difficult to image and analyze.
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5.1.2 HTDMA

The humidification section for the HTDMA system was created from laboratory ma-

terials. To verify the experimental technique, ammonium sulfate and sodium chloride

were tested and DRH and GF values were compared to that of literature. Several

conclusions can be made from trials performed with the HTDMA system. The most

interesting of which was significant changes in adipic, azelaic and succinic acid mor-

phology. All three of these acids are linear dicarboxylic acids with varying degrees of

chain length. Succinic acid has been known to form plate-like crystal shapes. Once

water adsorbs to the particle surfaces, the plate-like structure begins to turn into a

spherical droplet. This change in morphology was drastic enough to be seen in the

distributions, as well as the growth curves. It is also interesting to note the strong in-

fluence maleic acid has on mixtures. In its pure form, maleic acid appears to exhibit

deliquescent behavior. When in a mixture, there are stronger increases in growth

curves to match that of maleic acid. Mixture C best illustrates this behavior and

while other mixtures containing maleic acid show some effect, the influence is diluted

due to the larger number of compounds. In fact, the more components the mixtures

contained, the less unusual behavior was exhibited as the mixture behavior seemed

to converge, especially for those mixtures containing succinic and/or maleic acids.

It was noted that mixtures containing few components seemed to have stronger

increase in growth over those mixtures with more than 2 or 3 components, which

grew more slowly and steadily. Shape factors were used to account for changes in

morphology of particles, specifically ammonium sulfate and sodium chloride. The

DMAs determine particle size based on electrical mobility and therefore, lack the
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ability to detect and account for changes in morphology.

5.2 Recommendations

While this study did provide insight into the hygroscopic and morphological prop-

erties of atmospheric aerosols, additional work can be done to better exploit the

advantages of both experimental methods. First, as organics are large constituents

in the atmosphere but are not well-characterized, more organic compounds should

be studied in the ESEM. Additionally, organic mixtures and inorganic-organic mix-

tures should be created and studied in the ESEM for their component interactions

and component-water interactions. This study should also be expanded to include

ambient field samples to model more realistic atmospheric interactions.

More mixtures should be analyzed using the HTDMA system. Specifically, com-

ponents of more varied structure and properties should be used as this study focused

on dicarboxylic acids. HTDMA can elucidate the interactions of chemical species in

bulk measurements and consequently, mixtures of increased complexity can serve as

more realistic atmospherically relevant models. A better understanding of aerosol

properties with larger component mixtures is necessary as current global climate and

aerosol chemistry models lack the ability to account for the complications in chem-

istry. In addition to further experimentation, kappa values should be calculated and

compared to that of current literature and cloud condensation nuclei (CCN) derived

values.



131

Chapter 6

Appendix A

6.1 UNIFAC Model Derivations

Growth factors were calculated by comparing the size of particles during growth to

that of the dry particle. The UNIversal Functional Activity Coefficient (UNIFAC)

model calculates the mole fraction solute of a mixture as a function of water activity.

This can then be converted to mass fraction solute (mfs) and further converted to

growth factor (GF) through:

GF =





ρs
(

mfs
ρs

+ 1−mfs
ρw

)

mfs





1/3

(6.1)

where ρs is the dry solute density and ρw is the density of water. The mass fraction
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solute (mfs) was defined as:

mfs =
xpMWp

xpMWp + xwMWw
(6.2)

where the mole fraction water was used by UNIFAC to determine corresponding

growth factors (GF).

UNIFAC model splits up the activity coefficient for each component in the system

into two components: a combinatorial γC and a residual component γR. The total

activity coefficient for water is related to the two components as shown in here:

lnγw = lnγC
w + lnγR

w (6.3)

lnγC
w = ln

(

φw

xw

)

+ 5qln

(

θw

φw

)

+ L−
φw

xw

∑

(xiLi) (6.4)

θi =
xiqi

∑n
j=1 xjqj

(6.5)

φi =
xiri

∑n
j=1 xjrj

(6.6)
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L =
z

2
(r − q)− (r − 1)) ; z = 10 (6.7)

θi and φi are defined as the molar weighted segment and area fractional compo-

nents for molecule i of the total system. L is a compound parameter that is defined

by the Van der Waals volume (r) and the Van der Waals molecular square area (q).

z is the coordination number that is frequently published as having a constant value

of 10 due to the insensitivity of the model.

The residual component of the activity coefficient is a function of the functional

groups and has been previously identified for the investigated organic species by Reid

et al (1987) and for inorganic species by Erdakos et al (2006).

Finally, the activity coefficient for water can be calculated into a water activity

through the following equation:

aw = xwγw (6.8)

6.1.1 Summary

To form a theoretical growth factor model, the UNIversal Functional Activity Coeffi-

cient (UNIFAC) model was employed. For this study, the mole fraction of water and

the mole fractions of the components involved were known. UNIFAC was used to

calculate activity coefficients (γw) through the use of binary interaction parameters

in Equation 6.3. For a given mole fraction of water (xw) and a calculated activity
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coefficient, the water activity for the system was calculated using Equation 6.8. By

using the mole fraction of water and mole fractions of components in the system, the

mass fraction solute (mfs) of the system was calculated from Equation 6.2, which was

used to determine growth factors (Equation 6.1). To create a growth factor curve,

growth factors were plotted against water activity.
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Chapter 7

Appendix B

7.1 Aerosol Distributions

The following figures represent each distribution of data prior to size-selection.
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Figure 7.1: Number concentration of HTDMA solutions

Figure 7.2: Mass concentration of HTDMA solutions
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Figure 7.3: Median of HTDMA solution distributions

Figure 7.4: Mean of HTDMA solution distributions
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Figure 7.5: Mode of HTDMA solution distributions

Figure 7.6: Geometric mean of HTDMA solution distributions
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Chapter 8

Appendix C

8.1 Atomic Force Microscopy Images of Studied

Components

The following images were developed and published in a thesis entitled, ”Morphology

and Cloud Condensation Nuclei Activity of Single-Component and Multi-Component

Organic Aerosols” by Juan Lopez Ruiz (2009) and can be used to distinguish mor-

phological effects between components.
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Figure 8.1: AFM images of Adipic Acid

Figure 8.2: AFM images of Aspartic Acid
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Figure 8.3: AFM images of Azelaic Acid

Figure 8.4: AFM images of Maleic Acid
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Figure 8.5: AFM images of Malonic Acid

Figure 8.6: AFM images of Phthalic Acid
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8.1.1 Summary

As suspected, adipic and azelaic acid showed significant elongation to cause charging

effects in the HTDMA system. Adipic acid was interesting in this data as it first

appears to exhibit spherical morphology. Despite this, it still experiences exaggerated

elongation that can affect the charge distribution of the DMAs. Aspartic, phthalic

and malonic acids had nearly spherical or round morphologies and maleic acid had a

noticeably low aspect ratio.
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