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Abstract

Little is currently known regarding the nature and consequences of interactions
between photoactive surfaces, including mineral dust and ‘urban film’, and gas-phase
pollutants in urban environments. In order to address this knowledge gap, this thesis
explores the photochemical reactivity of these environmental surfaces in controlled

laboratory settings.

The photoenhanced ozonation of pyrene, a toxic product of incomplete combustion,
proceeds at different rates and via different mechanisms at three model ‘urban film’
surfaces. These results are important because they suggest that the reactivity of a
molecule on simplified surfaces may not accurately reflect its reactivity in the real

environment.

The photooxidation of isopropanol at the surface of TiO,, here used as a proxy for the
photoactive component of mineral dust, yields gas-phase acetone. This chemistry is

amplified by nitrate, a major surficial component of atmospherically processed dust.
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These results suggest that dust has the potential to convert non-absorbing species to
photochemically active species, and thereby serve as a source of reactive organic

radicals for further gas- or surface-phase chemistry.

Oxalic acid, the most atmospherically abundant dicarboxylic acid, is efficiently
oxidized to gas-phase CO, at the surface of Mauritanian sand and Icelandic volcanic
ash. These experiments indicate that the lifetime of oxalic acid may be limited in arid

regions by Fe and Ti-catalyzed aerosol-phase photochemistry.

Fluorotelomer alcohols (FTOHs), a class of industrial chemicals used in the
production of surface coatings, undergo photooxidation at the surface of sand and ash
to yield toxic and persistent perfluorinated carboxylic acids (PFCAs). These results
provide the first evidence that the metal-catalyzed heterogeneous oxidation of FTOIHs

may act as a local source of aerosol-phase PIFCAs.

[Mlumination of Nigerien sand in the presence of gas-phase SO, leads to the formation
of surface-sorbed sulfate. This chemistry proceeds more efficiently on fine sand than
on coarse sand. In chamber experiments, the illumination of SO, in the presence of
realistically produced dust aerosol results in new particle formation. Together, these
results suggest that SO, photochemistry at the dust surface has the potential to
change not only dust hygroscopicity but also the net scattering potential of dust-

containing air masses.

11



Acknowledgments

I would first like to thank Carol Shields, in whose novels I found Larry, florist-turned-
mazemaker, and Fay, mermaid researcher. Through these characters, she instilled in
me a desire to make of my life something fantastic, something memorable. I would
also like to thank the thermal baths in Budapest, Hungary, for reminding me that
there is actual molten rock thousands of kilometres below me, and thereby providing

me with an ongoing, literal source of perspective.

It's impossible for me to imagine a better mentor than my supervisor, Dr. Jamie
Donaldson. It’s difficult, when one begins graduate work, to see a place for oneself in
the ‘exalted halls” of academia, and I have Jamie to thank for knowing before 1 could

even begin to imagine it that there is room for me, here.

My research within the Donaldson group was funded by a PGS-D scholarship from
NSERC and by the Queen Elizabeth II/Edwin Walter and Margery Warren
Scholarship in Science and Technology. I thank these organizations and donors for
their support of basic science research, which not only serves as a necessary
foundation for all applied work but also has as its inherently valuable goal —and this is
important-— the betterment of our understanding of the Earth’s complexity.

Jamie encourages his students to take advantage of departmental and university-wide
support for graduate students’ professional development. I would like to thank the
Centre for Global Change Science for the award of two separate fellowships. The first
funded a six-week research trip to Université Paris-Est Créteil Val-de-Marne, where 1
participated in the first introduction of mineral dust into the CESAM environmental
chamber. The second supported my travel to Taicang, China, where I attended the
first Sino-European Summer School on Atmospheric Chemistry. I would also like to
thank the Department of Chemistry for the award of two Special Opportunity Travel
Grants, the first of which allowed me to present my work at a conference in
Melbourne and to meet with atmospheric science researchers at three Australian
universities, and the second of which supported two weeks of follow-up research on
SO, photochemistry in the CESAM atmospheric chamber.

The Donaldson group is truly peerless! I'm so happy to have shared this journey with
you, and I can only hope that I've given you a small percentage of the insight and
perspective that you've given me. If I write it here, it has to happen: see you in

Vienna, Sumi.

I would also like to thank the members of my doctoral committee, Dr. Jennifer
Murphy and Dr. Jonathan Abbatt, for their mentorship and advice throughout my

v



time in the program. In some fields, it seems, the committee is just a formality, but
here, I've always felt as though Jen and Jon have cared about my progress as a
scientist and my future within the field. This support has been immensely valuable.

I am grateful to my research collaborators in Lyon and Paris, Dr. Christian George,
Dr. Jean-Francois Doussin, and Dr. Paola Formenti. I've learned so much from each
of you, and I look forward to future collaborations. Special thanks are also due to
Edouard Pangui, who has been an excellent guide to the intricacies of CESAM, and
Dr. Claudia Di Biagio, whom I will probably email daily to discuss particle data.

The Department of Chemistry has a truly stellar support staff. I'd like to especially
thank Ahmed Bobat, John Ford, and Johnny Lo in the machine shop for all of their
wonderful creations and expert troubleshooting; Dan Mathers for his assistance in
ANALEST:; and Anna Liza Villavelez for her friendly assistance. I'd also like to thank
David Rogerson in the Department of Physics for his exceptionally patient assistance

with a last-minute soldering request.

Bethea, Anne, Erin, Kim, Larissa, Laurie, Sabrina, and Teri, girlfriends
extraordinaire, thank you for the brilliant conversations and wonderful travel
experiences, from Toronto to Tegucigalpa and from Chicago to Condesa: you've
taught me so much not only about what it means to be a feminist but also about what
it means to live fearlessly and to dance with style. I'm so lucky to have met each of you.

Adam, I love you. This last year has been more wonderful than I could have ever
imagined, and it would take more than a thesis to describe the beauty, wonder, and
intrigue that you’ve brought to my life. I'd be happy if I could spend all of my summer
evenings sitting beside you on the bench in the Roncesvalles parkette, watching the
ever-changing LEDs at KK Thai and Chinese Express and discussing the marketing
missteps of Gourmet Pizza by the Slice (GPBTS) while enjoying cones from Cinema

Convenience.

Finally, above all else, I would like to thank my family: Mom, for teaching me to be
curious about the world and for believing in me, always; Sean, for daytime phone
support and much-needed perspective; Daniel and Annalisa, for general hilarity
we’ll always have Red Lobster; Nana and Grampy, for being the kindest, most loving
grandparents one could ever ask for; Uncle Charlie, Uncle Jim, and Aunt Lil, for
everything; and Great-Uncle Ron, for his enthusiastic support of my various

endeavours. I love each of you so much.

These acknowledgements have been written on two separate trans-Atlantic flights,
which somehow seems fitting, since this degree has brought me around the world and

back. I'm so lucky to have had this opportunity, and I wouldn’t change a thing.



Table of Contents

Abstract i
Acknowledgements v
List of Tables, Figures, and Schemes X1l
Preface XVil
1 Introduction 1
1.1 Mineral dust: sources, composition, and transport 2
1.2 Atmospheric consequences of reactions on dust surfaces 4
1.2.1 Changes in dust optical properties 5
1.2.2 Changes in dust-mediated cloud formation 7
1.2.2.1 Dust as cloud condensation nuclei (CCN) 7
1.2.2.2 Dust as ice nuclei (IN) 8
1.2.3 Changes in dust toxicity 9
1.2.4 Changes in iron solubility 10
1.2.5 New particle formation 11
1.2.6 Changes in tropospheric trace gas concentrations 12
1.3 How are heterogeneous reactions studied in the 13
laboratory?
1.3.1 Mechanistic frameworks 14
1.3.1.1 The Langmuir-Hinshelwood mechanism 14
for surface reactions

1.3.1.2 The resistor model for trace gas uptake 16
1.3.2 Experimental techniques 18
1.3.2.1 Knudsen cells 19
1.3.2.2 Coated-wall and aerosol flow tubes 20
1.3.2.3 Atmospheric reaction chambers 23
1.3.2.4 Surface spectroscopic techniques 26
1.3.3 Challenges and considerations il} translating 29

laboratory measurements to the “real world”
1.3.3.1 Choosing representative laboratory models 29
1.3.3.2 Defining available surface areas 32

Vi



o

1.3.3.3 Effects of surface-sorbed water

1.4 Influence of light upon reactions at atmospheric surfaces

1.4.1
1.4.2

Direct photochemistry on atmospheric surfaces

Photosensitized chemistry: mechanisms and

substrates

1.4.2.1 Type 1l photosensitization; energy transfer
1.4.2.2 Type I photosensitization: charge transfer

1.4.2.3 Semiconductor-mediated photochemistry

1.5 Introduction to the thesis work

1.5.1
1.5.2

Current knowledge and outstanding questions

Thesis outline and goals

1.6 References

Substrate effects in the photoozonation of pyrene

2.1 Introduction

2.2 Materials and methods

2.2.1

2.2.2

2.2.3

2.2.4
2.3 Results
1

oo
'Q,O [OF)
[\

2.3.5

Apparatus
Sample preparation
Fluorescence spectra and ozonation kinetics studies

Chemicals

Fluorescence spectra
Dark ozonation kinetics

Ozonation kinetics under illumination

2.4 Discussion

2.4.1

2.4.2

Heterogeneous ozonation of pyrene under dark
conditions

Heterogeneous ozonation of pyrene under
illumination

2.5 Conclusions

2.6 References

Photooxidation of atmospheric alcohols on laboratory proxies
for freshly emitted and atmospherically processed mineral dust

3.1 Introduction

3.2 Materials and methods

Vil

39
40
42
44
44
46
49

98

99



3.3

3.4
3.5
3.6

Heterogeneous photochemistry of oxalic acid on Mauritanian

3.2.1 The photochemical Knudsen cell

3.2.2 Sample preparation

3.2.3 Uptake experiments

3.2.4 Chemicals

Results

3.3.1 System characterization: uptake of isopropanol by
TiO, under dark conditions

3.3.2 Photochemistry of isopropanol and n-propanol on TiO,

3. Isopropanol photochemistry on TiO, is enhanced by

co-sorbed nitrate

3.3.4 Cyclohexene reactivity at the illuminated TiO, surface

Discussion

Supporting information

References

sand and Icelandic volcanic ash

4.1
4.2

4.3

4.4

Introduction

Materials and methods

4.2.1 Experimental apparatus

4.2.2 Experimental procedure

4.2.3 lon chromatography

4.2.4 Chemicals

Results

4.3.1 Sample characterization

4.3.2 Photochemical production of CO, from oxalic acid at the
surface of Mauritanian sand and Icelandic volcanic ash

4.3.3 Photochemical loss of oxalic acid at the surface of
Mauritanian sand

Discussion

4.4.1 CO, production from illuminated sand and ash films in
the absence of oxalic acid

4.4.2 Heterogeneous photooxidation of oxalic acid:
mechanistic insights

4.4.3 Atmospheric significance

References

viii

99
101
101
103
103

112
113
118
121

138

141

141



1 ¢

Heterogeneous photooxidation of fluorotelomer alcohols:
a new source of aerosol-phase perfluorinated carboxylic acids
5.1 Introduction

5.2 Materials and methods

5.2.1 Knudsen cell uptake and photochemistry experiments
5.2.1.1 Experimental apparatus
5.2.1.2 Experimental procedure
522 Product identification experiments
5.2.2.1 Experimental apparatus
5222 Sample preparation and illumination

5.2.2.3 Sample extraction and LC-MS-MS analysis
5.2.2.4 Quality assurance / quality control (QA/QC)

5.2.3 Chemicals

5.3.1 Dark uptake experiments

5.3.2 Gas-phase products from the TiO,-catalyzed

photooxidation of 6:2 FTOH

5.3.3 Surface-sorbed products from the heterogeneous
photooxidation of 6:2 FTOH
5.4  Discussion
5.4.1 Fluorinated alcohols partition efficiently to
environmental surfaces
5.4.2 Heterogeneous photochemistry of 6:2 FTOH:
mechanistic insights
5.4.3 Atmospheric significance
5.5 References
5. Appendix
5.6.1 The multi-compartment Knudsen cell

5.6.2 LC-MS-MS analysis
5.6.3 QA/QC results

Light-induced interactions of SO, with authentically
generated mineral dust

6.1  Introduction

6.2  Materials and methods

6.2.1 Knudsen cell uptake and photochemistry experiments

X

159
160
160
161
161

162

170
170
171
174
176
181
181
181
183

185

186
188
188



6.2.1.1 Experimental apparatus

6.2.1.2 Experimental procedure

6.2.1.3 Determination of sulfite and sulfate in SO,-

exposed samples

6.2.1.4 lon chromatography

6.2.2 Atmospheric chamber experiments
6.2.2.1 Dust generation technique
6.2.2.2 Experimental procedure
6.2.2.3 Instrumentation

6.2.3 Chemicals

6.3  Results

6.3.1 Knudsen cell uptake and photochemistry experiments

6.3.1.1 Dark uptake experiments

6.3.1.2 Photochemical production of sulfate at the
surface of illuminated sand

6.3.2 Atmospheric chamber experiments
6.3.2.1 Dust size distribution within the CESAM
chamber
6.3.2.2 Background chamber reactivity: light-

induced nucleation in the presence of
gas-phase SO,
6.3.2.3 New particle formation in the presence of
SO,, mineral dust, and light
6.4  Discussion
6.4.1 Uptake of SO, under dark conditions

6.4.2 Photochemical production of sulfate at the surface of
illuminated sand

6.4.3 [Mlumination of mineral dust in the presence of SO,
leads to new particle formation

6.4.4 Atmospheric implications

6.5 References

Conclusions and future directions

7.1 Summary of thesis results

7.2 Future research directions
7.2.1 Moving beyond model substrates
7.2.2 Moving beyond “TiO,-type” oxidative photochemistry

188
188

190
190
191
191
192
192
193
193
193
193
196
199

199

200

201
202
202
204
205
206
208
212
213
216
216
219



7.2.3 Including heterogeneous organic photochemistry in

) 220

atmospheric models
7.3  References 222
Appendix—dust and ash absorption spectra 225

X1



List of Tables, Figures, and Schemes

Figure 1-1 Global dust emission sources (red bars), transport routes (black arrows), and
oceanic deposition sinks (blue arrows). Locations of the world’s major deserts are numbered in
black.

Table 1-1 Average elemental composition of dust from global source regions.

Figure 1-2 Size-segregated mass concentrations of elemental (EC) and organic (OC) carbon
measured during the EAST-AIRE campaign near Beijing. Although most carbonaceous mass was
in the fine mode during pollution-dominated periods, significantly more carbon ( ~ 50%) was
present in the coarse mode during dust-dominated periods.

Figure 1-3 Daily coarse aerosol concentration (black line) and daily de-trended ozone (grey
line) recorded at Mt. Cimone during the period June-December 2000 (for coarse aerosol:
November—December right scale). White circles represent days during which back-trajectories
originated from North Africa. Coloured bars indicate the periods of the dust transport events.

Figure 1-4 Steady-state uptake coefficients for the reaction of ozone with solid pyrene films
under both dark (solid circles) and light (hollow circles) as a function of gas-phase ozone
concentration.

Figure 1-5 A schematic of a simple Knudsen cell.

Figure 1-6 A schematic of the aerosol flow tube apparatus used for the study of N,Os uptake
at the surface of authentic and synthetic mineral samples. Here, a rotating brush generator
(RBG) is used to entrain particles in a N, flow, a chemiluminescence detector (CLD) is used to
detect NO at the exit of the flow tube, and an aerodynamic particle sizer (APS) is used to
characterize the dust particle size distribution.

Figure 1-7 Ozone decay on a-Fe,0; as a function of relative humidity.
Figure 1-8 Mechanisms generating the infrared spectrum of a powdered sample.

Figure 1-9 Laser-induced fluorescence apparatus for the investigation of the interaction of
ozone with pyrene solid films.

Figure 1-10 In powdered samples, both external (y.) and internal (y;) sample layers can
contribute to observed uptake coefficients.

Figure 1-11 |lllustration of the linear mass-dependent (LMD) and plateau regimes for the
uptake of NO, by Fe,0s.

Scheme 1-1 Type | and Type Il photosensitization.

Scheme 1-2 Energy-transfer reaction pathways available to a generic photoactive substrate
(PS) in the presence of Os.

Scheme 1-3 Charge-transfer reaction pathways available to a generic photoactive substrate
(PS) in the presence of NO,, 0,, or Os. PS-NO, and “PS—0,” denote nitro- and oxygenated
products, respectively.

Figure 1-12 Photoredox processes at the surface of illuminated TiO,. The formation of
electron—hole pairs can result in the reduction of electron acceptors (A) by photogenerated
electrons and the oxidation of electron donors (D) by photogenerated holes.

X1l

12

18

19
21

24
26
28

33

34

39
40

41

43



Figure 2-1 Fluorescence emission spectra of pyrene measured at the surface of a) 2.6x10”7 M
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Figure 3-8 Representative QMS trace showing variation in gas-phase cyclohexene QMS signal
(m/z 67) upon exposure to KNOs-doped TiO, films (film mass 20 mg) under dark and illuminated
conditions. Time = 0 indicates when the sample was first illuminated.
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mM oxalic acid; 20 mg SiO,; red trace). For comparison, the black trace represents production of
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Figure 4-4 Representative QMS trace for production of gas-phase CO, (m/z 44) from oxalic
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comparison, the black trace represents production of CO, by the Icelandic ash film (50 mg) in
the absence of oxalic acid. Time = 0 indicates when the samples were first illuminated.
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Mauritanian sand (5 mM oxalic acid; 50 mg sand; blue circles), Icelandic volcanic ash (5 mM
oxalic acid; 50 mg ash; red circles), and Fe,0s; (10 mM oxalic acid; 10 mg Fe,0s; black circles).
Each point is the mean of three or more trials. The black trace represents the aqueous-phase
absorption spectrum of iron(lll) oxalate and is taken from ref 48. Wavelengths are reported as
the 10% transmission wavelength of the long-pass optical filter used. The filter transmission
spectra are displayed in Figure 4-2.

Figure 4-6 Production of gas-phase CO, from oxalic acid in the presence (blue trace) and
absence (black trace) of 0.7 Pa oxygen, at the surface of a) Fe,03 (10 mM oxalic acid; 10 mg
Fe,0s3) b) Mauritanian sand (5 mM oxalic acid; 50 mg sand) c) Icelandic volcanic ash (5 mM oxalic
acid; 50 mg ash) and d) TiO, (10 mM oxalic acid; 10 mg TiO5;).

Figure 4-7 Composite figure showing the decay in gas-phase CO, signal during illumination of
oxalic acid at the surface of Mauritanian dust (5 mM, 50 mg, blue trace, left axis) and the quantity
of oxalic acid remaining in the film as a function of illumination time (black circles, right axis),
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Figure 5-1 Representative QMS trace for uptake of 6:2 FTOH (m/z 31) at the surface of
Mauritanian sand samples (10 mg; 20 mg; 40 mg). Blue rectangles indicate the times during
which the sample compartments were opened.
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Figure 5-2 Apparent initial uptake coefficient y, for 3,3,3-trifluoropropanol at the surface of
Mauritanian sand as a function of sand mass. Error bars represent the standard error associated
with three individual trials.

Figure 5-3 Apparent initial uptake coefficient yo for a) 4:2 FTOH and b) 6:2 FTOH at the
surface of Mauritanian sand as a function of sand mass. Error bars represent the standard error
associated with three individual trials.

Figure 5-4 Apparent initial uptake coefficients y, for 6:2 FTOH at the surface of (a) Icelandic
volcanic ash and (b) TiO, as a function of substrate mass. Error bars represent the standard error
associated with three individual trials.

Figure 5-5 a) Representative QMS trace for conversion of 6:2 FTOH (m/z 31) to 6:2 FTAL/6:2
FTUAL (m/z 29) at the illuminated TiO, surface. A yellow rectangle indicates the time period
during which the samples were illuminated. b) Gas-phase FTIR spectrum obtained for the
photooxidation of 6:2 FTOH at the TiO, surface after 2.5 h of illumination.

Figure 5-6 Fluorinated photoproduct concentrations in extracts from films exposed to 6:2
FTOH for 1.5 h under dark conditions and subsequently illuminated for 2.5 h. The SiO, dark
control was exposed to 6:2 FTOH under dark conditions for 2.5 h. Results are displayed on a
logarithmic scale. Where present, error bars represent the standard error associated with two
individual trials. Asterisks indicate that extract concentrations were higher than those associated
with the highest standard used for quantification. Analyte concentrations in blank samples are
too small to fit on the scale.

Figure 5-7 Fluorinated photoproduct concentrations in extracts from a) sand and b) ash films
exposed to 6:2 FTOH for 1.5 h under dark conditions and subsequently illuminated for periods of
time ranging from 0 to 5h. Error bars represent the standard error associated with two
individual trials.

Scheme 5-1 Suggested mechanisms for photoproduction of PFAS from surface-sorbed FTOHs.
Species in solid rectangles were observed in the present experiments.

Figure 5A-1 Schematic drawing of the multicompartment photochemical Knudsen cell.

Figure 5A-2 Results of spike and recovery experiments designed to quantify extraction
efficiency of fluorinated photoproducts. Error bars represent the standard deviation associated
with five individual trials. Recoveries for PFHxA were blank-corrected.

Figure 6-1 System used at CESAM for generation of dust from source sands.

Figure 6-2 Apparent initial uptake coefficients yo for SO, at the surface of a) TiO, and b) illite
as a function of sample mass.

Figure 6-3 Apparent initial uptake coefficients y, for SO, at the surface of a) Arizona test dust
and b) Chinese sand as a function of sample mass.

Figure 6-4 Uptake of SO, at the surface of 100 mg of coarse (< 1000 um; red trace) and fine
(20-63 um; blue trace) Niger sand. The plot shows the results of two separate experiments. The
black arrow indicates the time at which the samples were exposed to gas-phase SO,.
Experiments were conducted in the presence of gas-phase oxygen (~ 0.7 Pa), and both samples
were ground in a mortar and pestle prior to the experiments.
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Figure 6-5  Sulfur (VI) and total sulfur (S + S) at the surface of the coarse fraction of
Nigerien sand (< 1000 um; 150 mg) as a function of exposure to gas-phase SO,. The orange and
black squares represent the absolute peak areas for SO,-exposed sand samples under light and
dark conditions, respectively. Each data point represents the mean of three trials, each of which
was performed with a fresh sample.

Figure 6-6  a) Sulfur (VI) and b) total sulfur (5" + S") at the surface of the fine fraction of
Nigerien sand (20-63 um; 150 mg) as a function of exposure to gas-phase SO,. The orange and
black symbols represent the absolute sulfur peak areas for SO,-exposed sand samples under
light and dark conditions, respectively. Each data point represents the mean of three trials, each
of which was performed with a fresh sample.

Figure 6-7 Light-induced sulfate production at the surface of 20 mg of Fe,0;. Here, the red
circles and red triangles represent the fractional sulfate contents of SO,-exposed and control
sand samples, respectively (left axes). The blue circles and blue triangles represent the absolute
sulfate peak areas for SO,-exposed and control sand samples, respectively (right axes).

Figure 6-8 APS dust particle number size distribution within the CESAM chamber as a
function of residence time (red = 0 min; orange = 30 min; yellow = 60 min; green = 90 min; blue =
120 min). The black dashed line represents the peak of the size distribution immediately after
injection (~ 1.14 um). The APS measurements presented here are not corrected for dilution.

Figure 6-9 CPC particle count (particles cm™) within the CESAM chamber as a function of
illumination time reveals significant new particle formation, even in the absence of mineral dust. The
experiment was conducted with ~ 800 ppb SO, and at ~ 40% RH.

Figure 6-10  CPC particle count (particles cm™) within the CESAM chamber as a function of
illumination time in the presence of NaCl particles (~ 100 nm diameter; surface area loading
comparable within ~ 50% to that of dust experiments shown in Figure 6-11). These experiments
were conducted with ~ 800 ppb SO, and at ~ 40% RH. The black arrow indicates the time at which
NaCl particles were injected into the chamber. lllumination was halted at ~ 35 min. The apparent
stepwise increase and decrease in particle number upon initiation and cessation of illumination
arose from an electronic interference from the lamps and/or chamber cooling system.

Figure 6-11  CPC particle count (particles cm™) within the CESAM chamber as a function of
illumination time in the presence of dust produced from a) Chinese and b) Nigerien source samples.
These experiments were conducted with ~ 800 ppb SO, and at ~ 40% RH. The black arrows indicate
the times at which dust particles were injected into the chamber.

Figure 8-1 Normalized UV-Vis absorption spectra of thin films of Niger sand (20-63 um
particle size; blue trace) and Icelandic volcanic ash (red trace). Samples were ground in a mortar
and pestle prior to use. UV-Vis spectra were normalized to the maximum absorption over the
wavelength range 360-800 nm.
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Proxies for Mineral Dust” in Knoironmental Science & Technology 2011, 45, 10004-10012.
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A. Styler, with critical comments from D. James Donaldson.
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volcanic ash

Published as:

Styler, S.A.; Donaldson, D.J. “Heterogeneous photochemistry of oxalic acid on Mauritanian
sand and Icelandic volcanic ash”™ in Knoironmental Science & Technology 2012, 46, 8756-8763.
Contributions:

All experiments were designed and conducted by Sarah A. Styler. Milos Markovic
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Styler, with critical comments from D. James Donaldson.
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Published as:

Styler, S.A.; Myers, A.L.; Donaldson, D.J. “Heterogeneous photooxidation of
fluorotelomer alcohols: a new source of aerosol-phase perfluorinated carboxylic acids” in
FEnoironmental Science & Technology 2013, 47 (12), 6358-6367.
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Anne L. Myers designed the extraction and analysis procedure for surface-sorbed
perfluorinated species, and carried out this procedure with assistance from Sarah A.
Styler. All other experiments were designed and conducted by Sarah A. Styler. The
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supporting material related to the extraction and analysis of surface-sorbed perfluorinated
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Donaldson, Jean-Francois. Doussin, and Paola Formenti. All experiments performed at the
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1.1 Mineral dust: sources, composition, and transport

Large quantities of mineral dust are released into the atmosphere on an annual basis:
according to one recent estimate, the annual emission flux from the Saharan desert is
~ 2000 Tg.' However, North Africa is not the only dust source region: emissions from
Australia, East Asia, and the Arabian Peninsula also contribute to global dust
loadings.”* Once emitted, dust undergoes efficient long-range transport: Figure 1-1

shows the main routes of dust transport from major deserts and dust source regioms.3

Figure 1-1  Global dust emission sources (red bars), transport routes (black arrows), and
oceanic deposition sinks (blue arrows). Locations of the world’s major deserts are numbered as
follows: Great Basin (1), Sonoran (2), Chihuahua (3), Peruvian (4), Atacama (5), Monte (6),
Patagonia (7), Sahara (8), Somali—Chabli (9), Namib (10), Kalahari (11), Karroo (12), Arabian (13),
Rub al Khali (14), Turkestan (15), Iranian (16), Thar (17), Taklimakan (18), Gobi (19), Great Sandy
(20), Simpson (21), Gibson (22), Great Victoria (23), and Sturt (24). Figure (with adapted
caption) reprinted from Aeolian Research Volume 2, Shao et al., Dust cycle: an emerging core
theme in Earth system science, 181-204, copyright 2011 with permission from Elsevier®

As a result of this efficient transport, mineral dust contributes to aerosol populations

even far from source regions: Saharan dust, for example, has been detected in the



4

southeastern United States,” Hong Kon‘g,5 and southern Italy,6 and trans-Pacific
transport of Asian dust has been shown to contribute to visibility reductions in the

western United States.’

Harmattan Global

(Sahara / China Arizona Global Dust O ,

Rocks

Sahel)

Si0, 60.95 60.26 57.92 59.9 58.93
Al O, 11.02 11.40 12.21 14.13 14.98
Fe, 0O, 4.50 291 4.72 6.85 6.1
MgO 0.76 - 3.01 2.60 3.81
CaO 2.31 - 2.01 3.94 4.84
Ti0, 0.82 0.65 0.74 -- --

Table 1-1 Average elemental composition of dust from global source regions (adapted from
Goudie and Middleton; not all components are shown®).

As shown in Table 1-1, dust from all global source regions is dominated by SiO, and
ALO,, and the concentrations of these oxides are similar to those found in rocks.?
Despite these similarities, dust composition displays continent- and regional-scale
heterogeneities: for example, Saharan dusts are typically higher in iron oxides than
Asian dusts,” and the relative abundance of illite and kaolinite in the clay fraction of

Saharan dust varies with source latitude.'™ "

The size distribution of airborne dust does not stay constant during transport: by
measuring dust size distributions in the Canary Islands and Puerto Rico, Maring and
co-workers were able to show that preferential removal of dust particles with diameter

= 7.3 wm occurred during trans-Atlantic transport from North Africa.” Similarly, in a



study designed to investigate long-range transport of dust from the Chinese interior to
Japan, the authors found that the peak of the dust mass size distribution was larger in
Beijing, China, a near-source receptor region, than in Yamaguchi, a distant Japanese

receptor region. 13

Long-range transport also has implications for aerosol mineralogy: for example, while
the relative concentration of quartz in advected Saharan dust has been observed to
decrease during trans-Atlantic transport from the Cape Verde Islands to Barbados, the
relative concentration of mica/illite clays has been observed to increase."" This
preferential retention of the clay fraction of mineral dust, which has been attributed to
the relatively more rapid gravitational settling of the quartz fraction,' has also been

observed for Asian dust during its transport to the North Pacific.”

Studies have shown that trace elements, including Fe and Ti, are often enriched in

'“17 In an individual-particle study of airborne

the finer size fraction of mineral dust.
mineral dust samples collected over Morocco, for example, Fe and Ti were often
found as grains associated with clay mineral aggregates.'8 Given the preferential
atmospheric retention of the lighter, clay-sized fraction, these observations imply that

the trace metal content—and, for reasons that will be discussed later in this chapter,

the photoactivity — of advected dust will be enhanced during long-range transport.

1.2 Atmospheric consequences of reactions on

dust surfaces

During transport, dust mixes with other atmospheric species, including those present
in industrial” and urban® pollutant plumes. In the following sections, the role that
these processes play not only in determining the physical, chemical, and toxicological
characteristics of dust particles but also in influencing the tropospheric oxidant

budget will be discussed.



1.2.1 Changes in dust native optical properties

The mixing of dust with pollutant plumes changes its propensity to absorb and scatter
incoming solar radiation, and therefore its influence upon the global radiation budget.
The mechanisms by which pollution-dust interactions lead to changes in dust optical
properties are complex and still the topic of much research discussion (see e.g. a
recent review by Formenti ez al*'). As noted in a recent study by Liu and coworkers,
pollutant-induced changes in optical properties are more pronounced for Asian dust,
which passes over heavily populated industrial and urban centres before being

transported over the Pacific.”

The absorptive character of freshly emitted mineral dust is composition-dependent,
and largely determined by its hematite content.” 228 The absorption of coarse-mode
mineral dust, however, can be enhanced by coagulation/internal mixing with
absorbing pollutants, including black/elemental carbon (EC).” Even when black
carbon is only externally mixed with dust, as was the case in one study in Dakar,
Senegal,26 this mixing leads to a change in the “effective” absorption properties of the

) . ) .
dust layer as measured using remote sensing techmques.‘z

The mixing of dust with pollutant plumes can also result in the transfer of other
carbonaceous compounds - organic (OC) or “brown carbon”to the dust surface.””?
An illustration of this effect is presented in Figure 1-2. More evidence for the
existence of mixed dust carbonaceous aerosol was provided by Deboudt and
coworkers, who found that mixing of African dust with biomass burning and
anthropogenic emissions led to the formation of a carbonaceous coating on the dust
surface.” Since organic carbon also absorbs in the actinic region (although to a lesser

extent than black carbon/ soot),‘”‘ 2 dust-organic interactions would also be expected to

alter the absorption properties of dust aerosol.

Ot
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Figure 1-2 Size-segregated mass concentrations of elemental (EC) and organic (OC) carbon
measured during the EAST-AIRE campaign near Beijing. Although most carbonaceous mass was
in the fine mode during pollution-dominated periods, significantly more carbon ( ~ 50%) was
present in the coarse mode during dust-dominated periods. Image and caption adapted from
Yang et al.?’

Although the formation of soluble coatings on dust surfaces via the uptake of acidic
pollutant gases is not expected to have a significant influence on dust scattering
properties,g‘)’ pollutant-dust interactions can have an indirect negative influence on the
net scattering efficiency of air masses via the transfer of scattering mass (e.g. sulfate
and nitrate) from the optically effective accumulation mode to the coarse dust
surface.” "% This effect can be highly significant: in a study performed using data
from the ACE-Asia and TRACE-P experiments, Tang ez al. reported that 10-30% of
sulfate and more than 80% of nitrate resided in the supermicron mode during dust

events.’



1.2.2 Changes in dust-mediated cloud formation
1.2.2.1 Dust as cloud condensation nuclei (CCN)

According to Kohler theory, the cloud condensation nuclei (CCN) activity of a particle
depends exclusively on its size, surface tension, and on the quantity of soluble
material contained within it.” The bulk of studies investigating the CCN activity of
mineral dust, which is largely insoluble, have therefore focused on its hygroscopic

conversion through atmospheric processing (vide infra).
th h at I 1 d

In recent years, however, a growing body of field® and laboratoryl{g evidence supports
the hypothesis that freshly emitted dust particles can also act as CCN. Although some
studies have attributed the CCN activity of unprocessed dust to small quantities of
hygroscopic material contained within it,” others have suggested that dust CCN
activity does not require deliquescent material but is rather controlled by efficient

40, 41

adsorption of water multilayers to the dust clay fraction.

Dust hygroscopicity can be enhanced during atmospheric transport by the acid-
induced formation of soluble nitrate and sulfate surface coatings./'z'/'s In a recent
Korean study designed to measure the composition and hygroscopicity of advected
Asian dust, for example, Kim and Park found that dust which had previously passed
over highly polluted industrial areas was internally mixed with hygroscopic sulfate
from condensation of H,SO, and/or (NH,),SO.* The timescale associated with acid
processing can be quite rapid: according to one laboratory study, insoluble calcite can
be converted to soluble and hygroscopic calcium nitrate within several hours at

. . . A6
atmospherically relevant HNO; concentrations.

1e reactivity of dust toward atmospheric acids displays a strong dependence upon
Tl tivity of dust t 1 atmospl ds display trong depend P

particle mineralogy. In a laboratory study of calcium-containing minerals, for example,
Krueger and coworkers found that while calcite (CaCOs) and dolomite (CaMg(COs),)

reacted with gas-phase HNO,, gypsum (Ca,SO,) did not.” This mineral-dependent



processing has also been observed in the field: a study of coarse particulate matter in
Beijing, China, found that sulfate and nitrate were more strongly associated with

ey 4
carbonates than silicates.®™

A number of field studies have found that mineral dust is often internally mixed with
oxalic acid and other carboxylic acids.™ " Since oxalic acid is highly soluble and
hygroscopic,m this mixing might be expected to result in the formation of a soluble
coating, which would enhance the CCN activity of the dust-acid mixture over that of
the dust itself. However, laboratory studies have shown that this is not always the case:
reaction of oxalic acid with calcite, for example, which results in the formation of
insoluble calcium oxalate, does not result in an enhancement in CCN activity.u % In
addition, a recent field study performed in Japan showed that a large portion of
aerosol-phase oxalic acid was present as insoluble zine and calcium oxalates, which

would also not contribute to dust hygroscopicity.m
1.2.2.2  Dust as ice nuclei (IN)

Mineral dust aerosols are efficient ice nuclei (IN), even at substantial distances from
source regions: African dust aerosols have been shown to contribute to ice nucleating
aerosol populations in Florida®™ and in the Amazon basin,”® for example, and both
Saharan and Asian dust have been recently shown to contribute to ice-induced
precipitation in the western United States.” Although the IN activity of unprocessed
mineral dust was originally attributed largely to clay minerals, including illite,
kaolinite, and montmorillonite,” two recent studies have shown that the
comparatively minor feldspar mineral component also plays a significant role in

determining this property.”*

Although acid processing generally enhances mineral dust’s CCN activity, it often has

the opposite effect on its IN activity: sulfuric acid, for example, has been shown to

61, 62

impede the IN activity of Arizona test dust and illite, perhaps via an acid-induced

reduction in ordered water structures at the air-dust interface® or via the conversion



. . R . A . .
of ice-active silicates to non-active metal sulfates.”” The same is not true for all acids,
however: while exposure to nitric acid impairs depositional ice nucleation by Arizona

test dust, it promotes sub-saturation condensation ice nucleation.”

The exposure of Arizona test dust to secondary organic aerosol formed from the
biogenic monoterpene o-pinene has also been shown to reduce its IN '<71(:tivity.‘“i This
reduction was correlated with the fractional organic surface coating of the dust,”
which suggests that exposure of mineral dust to organic species contained within
urban or industrial pollutant plumes would suppress its IN activity relative to that of

freshly emitted dust. To date, however, no studies have investigated the effect(s) of

urban or industrial organic pollutants upon dust IN activity.
1.2.3 Changes in dust toxicity

Although the majority of studies on the health effects of airborne particulate matter
have focused on particles < 2.5 um in diameter (PM2.5; see e.g. work by Laden et al. 67),

recent research has begun to focus on the contribution of the coarse fraction of PM10
(particles with diameters 2.5-10 wm) to adverse health effects.” "

Epidemiological studies in areas affected by advected dust have shown that dust

episodes are correlated with hospital admissions for a variety of respiratory,” ”

2 and cardiovascular” illnesses. Although the mechanisms by

cerebrovascular,”"
which dust mediates these adverse effects are not fully understood, it has been
hypothesized that microorganisms, toxic organic pollutants, and metals at the dust

. . . A
surface may all contribute to dust toxicity.”

Field research has suggested that organic contamination of advected dust can arise via
l 75, 76
9

a number of pathways, including mobilization of contaminated source materia

7 and

adsorption of organic pollutants during transport over polluted regions,”
uptake of pollutants in urban receptor regions.m‘ " These pathways are often location-

dependent: for example, PCDD/F contamination of coarse particulate matter in



Taiwan during an Asian dust storm episode was attributed in a background location to
long-range transport of contaminated PM from mainland China and in the Taipei

. . . . . . . 7C
urban region to local contamination by municipal waste incinerators.””

A number of studies have shown that dust can also serve as a vector for transport of
toxic trace metals, including Pb, Cd, Sn, and Cr.***" As was the case for organic
contaminants, this can arise via the entrainment of polluted source soils®' and/or via
the scavenging of atmospheric pollutants during the transport of advected dust over

182“ 83

polluted urban® and industria regions.

Our understanding of these issues is complicated by the fact that these pathways often
operate in concert: results obtained in an Israeli sampling campaign designed to study
the mineral-dust mediated transport of anthropogenic pollutants showed that
suspended dust was contaminated with pesticides, presumably as a result of its
transport over rural agricultural areas; lead, which most likely adsorbed to the dust
surface during its transport over the polluted Cairo basin; and PAH, which adsorbed

- . 4
to the dust in the urban receptor regions under stud 1,84

1.2.4 Changes in dust solubility

Approximately 25% of dust emitted to the atmosphere is deposited to the oceans,’
where its soluble iron component serves to enhance primary productivity in iron-
limited marine ecosystems.&’ Although this “fertilization” effect-—which has the
potential to influence climate via the photosynthesis-mediated oceanic uptake of
atmospheric CO,—" has received much research attention, major questions still exist

regarding the factors that determine aerosol iron solubility.

The solubility of iron depends strongly on its oxidation state and bound nature, both
of which are mineralogy-dependent, and ranges from 0.01% for hematite to ~4% for
7

clay-associated iron.” By contrast, iron solubility in aerosols can reach 80%.%

Although recent evidence suggests that iron-containing anthropogenic combustion

10



aerosols may contribute significantly to these elevated solubility values, and therefore

88, 89

to the total flux of soluble iron to the oceans, it is also known that atmospheric

processing of mineral dusts enhances the solubility of iron contained within them. ™"

Since iron solubility is enhanced under acidic conditions,”

one potential
anthropogenically mediated dissolution mechanism involves the acidification of dust
via the uptake and subsequent heterogeneous oxidation of anthropogenic SO,.*" "
Exposure to anthropogenic SO, has also been suggested to facilitate the liberation of

structural iron contained within the clay mineral chlorite and its subsequent

conversion to the significantly more soluble ferrihydrite.%

Laboratory experiments have shown that dust iron solubility is also enhanced under
dark conditions by complexation with anthropogenically derived organic ligands,
including oxalate.” * Oxalate and other electron-donating carboxylates, including
formate, acetate, and butyrate, also promote the photoreduction of iron (III)

99, 100

oxyhydroxides and the formation of soluble iron (II). As will be discussed in

Chapter 4, mineral dust-oxalate photochemical interactions may also play a significant

role in determining the atmospheric lifetime of oxalic acid in arid environments. """

1.2.5 New particle formation

As outlined in the previous sections, the interaction of mineral dust with SO, may lead
to the formation of surface-bound sulfate, which reduces the dust’s IN activity, enhances

its CCN ability, and promotes the acid-mediated solubilization of iron contained within it.

In one very recent study, the interaction of illuminated mineral dust with SO, was
shown to result in the formation of large quantities of nanometer-sized particles.'”
This process, which is believed to occur via the nucleation of H,SO, produced by
oxidation of SO, by gas-phase hydroxyl radicals produced by the illuminated mineral

dust, represents a new pathway for H,SO;-induced particle formation under low dust

loadings.

11



1.2.6 Changes in tropospheric trace gas concentrations

In their pioneering model study, which was performed when direct measurements of
trace gas uptake by mineral aerosol were virtually non-existent, Dentener and coworkers
suggested that heterogeneous chemistry at the mineral dust surface has the potential
to change the trace gas composition of the surrounding atmosphere.m This
suggestion has been borne out by measurements made in a large number of field
campaigns: Figure 1-3, for example, shows a distinet anti-correlation between North

. . . A
African coarse aerosol and gas-phase ozone concentrations at Mount Cimone, Italy.'o’
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Figure 1-3 Daily coarse aerosol concentration (black line) and daily de-trended ozone (grey
line; see Bonasoni et al. for details’®) recorded at Mt. Cimone during the period June—
December 2000 (for coarse aerosol: November—December right scale). White circles represent
days during which back-trajectories originated from North Africa. Coloured bars indicate the
periods of the dust transport events. Image taken from Bonasoni et al.***

It is wuniversally agreed that dust has a strong influence on gas-phase HNO,
concentrations.” * ' n a study performed as part of the ACE-Asia campaign, for
example, Tang and coworkers found reductions in HNO; of up to 95% during a high-
dust period." By contrast, field studies have shown that the O,-depleting influence of
dust plumes is highly variable: while significant dust-induced O; reductions have been

20, 105-108

observed in some studies, other studies have reported minimal O, depletion in

12



dust plumes." """ Although dust can theoretically influence O, directly (i.e. by direct
uptake of Oy on dust'"") or indirectly (i.e. by uptake of O, precursors, including HNO),
most studies have attributed global O, reductions to the latter pathway,"” " in part
because direct O, uptake on dust is limited by surface passivation.'"”

Dust can also influence the tropospheric oxidant budget by reducing the local actinic

J08 TS g example, the results of a modeling study suggest dust-induced

flux
reductions in actinic flux during the Megacity Initative: Local and Global Research
Observations (MILAGRO) experiment in Mexico City were responsible for a 5-20%
reduction in photochemical production of OH and a ~ 10 ppbv reduction in O,
concentrations."” A similar dampening of photolysis rates was suggested to be

partially responsible for enhanced carbonyl concentrations measured during a severe

dust episode in Beijing, China.'"

During the Mineral Dust and Tropospheric Chemistry (MINATROC) study, Salisbury
and coworkers measured the influence of a Saharan dust event on the gas-phase
concentrations of methanol, formaldehyde, acetone, and acetaldehyde.]'I7 Although
these authors found no discernable effect on these concentrations, they emphasized
that these results were specific to the region and specific set of atmospheric conditions
under study, and thus do not preclude the existence of dust-organic interactions under
different circumstances. To date, however, no other field studies have attempted to

assess the effect of dust on the concentration of gas-phase organic species.

1.3 How are heterogeneous reactions studied in the

laboratory?

Given the complexity and spatiotemporal variability of real atmospheric surfaces, the
vast majority of our knowledge regarding heterogeneous chemistry under both dark

and light conditions comes from laboratory experiments, which typically measure

13



surface-phase reaction rates and/or gas-phase uptake coefficients. This section focuses
on the methods by which reaction mechanisms and parameters can be extracted from
laboratory results, the experimental techniques by which heterogeneous reactions are
currently studied, and the challenges associated with the extrapolation of results
obtained under idealized laboratory conditions to the real atmosphere, with all its

attendant complexity.
1.3.1 Mechanistic frameworks
1.3.1.1 The Langmuir Hinshelwood mechanism for surface reactions

In the gas phase, the rate of bimolecular reactions depends linearly on the concentrations
of both reactants.'® The same is not true for heterogeneous bimolecular reactions.
The pseudo-first-order reactive loss rate £, of surface-bound species upon exposure

to gas-phase ozone, for example, generally approaches a maximum value —often

termed £ or A-—at high gas-phase ozone concentrations. This behaviour has

max

recently been observed for the ozonation of anthracene at the mineral dust surface;'"”

120

the oxidation of soot by ozone; = and, as will be discussed in Chapter 2, the ozonation

of pyrene solid films and pyrene at the air-aqueous and air-octanol interfaces."

In general terms, this non-linear dependence implies that the heterogeneous reactions
of surface-sorbed organic molecules with gas-phase oxidants proceeds by a Langmuir-
Hinshelwood mechanism, in which the oxidant adsorbs to the surface prior to reaction
and the rate of reaction is thus equal to the product of the surface oxidant concentration

[Ox,, and the second-order rate coefficient for reaction at the surface £'":'*

kobs = k! [Oxsurf]

If [Ox,, behaves according to a Langmuir adsorption isotherm, then it can be

modeled using the following equation:

14



Nsurf [OX

as]
[Oxsurf] = [Ox Z

|+B

gas

In this equation, V,,; is the maximum number of sites available for oxidant adsorption,

urf
B represents the ratio of surface desorption to adsorption, and [Ox,,| represents the
gas-phase oxidant concentration.” In cases where little to no oxidant dissolution in
the bulk phase occurs, B can be approximated as the inverse of its gas surface
partition coefficient, K,,."** At high [Ox,,, the surface becomes “saturated”; that is, no
further adsorption of oxidant is possible. At this point, the reaction rate becomes

independent of [Ox,,]. Under these conditions, the dependence of £, upon [Ox,,]

can be written as:

11
k _ k Nsurf [Oxgas]
obs = [0x, ]+B

gas

This dependence can then be fit to an equation of the following form, where A is

o
equal to A"V, ;"

A[Ox
obs = [Ox

gas]

ga5]+B

Since the A parameter in the Langmuir-Hinshelwood model is in part a function of
the bimolecular rate constant " for surficial oxidation, its magnitude depends on the
identities of both the oxidant and the surface-sorbed organic species. For example, in
their investigation of the reaction of polycyclic aromatic hydrocarbons (PAH) with
ozone at the surface of model urban films, Kahan and coworkers found that the A
parameter was an order of magnitude greater for benzolalpyrene than for

o
phenanthrene. 124

The A parameter can also be influenced by co-sorbed species at the reaction surface.

For example, studies have shown that the A parameter for the reaction of ozone with



anthracene'” and pyrene'z"

adsorbed at the air-aqueous interface is lower in the
presence of monolayer films of small carboxylic acids. Quantum chemical calculations
suggest that this effect arises via the sequestration of ozone by the carboxylic acid

moiety at the aqueous surface.'”

While A values are in large part a function of the identity of the surface-sorbed
species, B values are primarily determined by the extent to which the gas-phase oxidant
partitions to the reaction substrate. 5 values for the reaction of ozone with PAHs have
been measured for a wide variety of substrates, including water,'” water with monolayers
of octanol and octanoic acid,"”® and soot aerosols.'™ Generally, ozone displays a
propensity for non-polar surfaces: B values for soot aerosols (3.57 x 10" molecules em’

)% and phenylsiloxane oil aerosols (1 x 10" molecules em™™ are significantly lower

27 which

than those for polar surfaces such as water (2.15 x 10" molecules em™),
implies a correspondingly higher equilibrium partitioning to non-polar surfaces.
Preliminary calculations suggest that the propensity of ozone for non-polar surfaces

may arise from stronger substrate ozone binding interactions at these surfaces.'”
1.3.1.2  The resistor model for trace gas uptake

The uptake of trace gases by environmental surfaces is often reported in terms of an
uptake coefficient (typically denoted as y), which describes the ratio of the net flux
from the gas phase to the surface to the total gas surface collision flux." As the uptake
coefficient is a purely empirical quantity, it does not itself provide mechanistic insight
into the set of simultaneous processes—gas-phase diffusion, adsorption, desorption,
and reaction at the particle surface and/or in its bulk-that together determine its
magnitude. One method by which mechanistic information can be extracted from
empirical uptake coefficients is the use of the resistor model, which treats the measured
uptake coefficient y as a set of decoupled processes combined either in series or in
parallel. Although this model was first applied in the atmospheric community to the

study of gas-liquid interactions,”! it has more recently been adapted to the study of
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gas-phase uptake by solid particles (see Amman ez al." for a full derivation).

In cases where uptake coefficients are large and gas-phase diffusion is insufficient to
replenish reagent concentrations near the substrate surface, there is an effective
reduction in the collision rate of gas-phase species (here denoted by X) with the
substrate surface."” As shown in the following equation, this is accounted for by the

gas-phase diffusional resistance term T "™

Yobs = yi + FL
x  ldiff
Generally, laboratory experiments are conducted at reduced pressures, which
minimizes the influence of gas-phase diffusion. Under these conditions, y,,, = yx and
the following equation applies, where 1/S; is a resistance to mass accommodation at
the particle surface (where the surface accommodation coefficient Sy is defined here
as the probability that X neither immediately leaves the surface nor reacts immediately
upon collision) and 1/T,,is a resistance to surface reaction:"

1 1 1

Yobs So  Tsurf

In cases where uptake of X is limited by a Langmuir Hinshelwood-type reaction with

a surface-sorbed species 1 (i.e. where S, == /T, the following equation applies:'*

kg Y

surf] K
Yobs = CXO'X(K[X

I+1)

gas

Here, 4, is the bimolecular rate coefficient for reaction at the particle surface, K is
the Langmuir partitioning constant for the gas-phase species, [X,, | is the gas-phase
concentration of reagent X, [V ] is the surface concentration of the adsorbed species

Y, ¢y 1s the mean thermal velocity of X, and oy is the surface area occupied by a single

molecule of X.'*
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This formalism is useful because it makes clear that the reaction-dominated uptake
coefficient of gas-phase species by particles scales linearly with the concentration of
surface-sorbed reagents and that, at elevated gas-phase concentrations, the uptake
coefficient will decrease with increasing gas-phase concentration. An illustration of
the latter point is provided by Figure 1-4, which shows the uptake coefficient of gas-
phase ozone by solid pyrene films as a function of ozone concentration.'”
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Figure 1-4 Steady-state uptake coefficients for the reaction of ozone with solid pyrene films
under both dark (solid circles) and light (hollow circles) as a function of gas-phase ozone
concentration. Reproduced from Styler et al."** with permission from the PCCP Owner Societies.

1.3.2 Experimental techniques

The laboratory community makes use of a number of techniques to interrogate
reactions at atmospheric surfaces. Since an excellent overview of the theory
underlying these techniques is available in a recent review paper by Kolb and

134

coworkers, ™ this section will focus primarily upon their application, advantages, and

disadvantages in the context of mineral dust chemistry and photochemistry.
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1.3.2.1 Knudsen cells

Although the Knudsen cell was developed in the early twentieth century,m its first
application to the study of reaction rates and measurements occurred in the 1960s at
the Stanford Research Institute.” Since its development, it has found much use in the

study of heterogeneous atmospheric processes, including the interaction of a wide

variety of inorganicm‘ B2 18 __and, to a lesser extent, organic—yl’m'”' trace gases with
mineral surfaces. The design and construction of a three-compartment version of this
cell, which allows for the investigation of light-induced chemistry in the presence and
absence of gas-phase oxygen, was a major component of the present thesis work. A
schematic of the final iteration of this photochemical Knudsen cell is shown in

Figure 5A-1.12

Knudsen reactor

Variable escape
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P
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Figure 1-5 A schematic of a simple Knudsen cell, from Hanisch and Crowley.**?

A schematic of a simple Knudsen cell is shown in Figure 1-5.'" In this apparatus, gas-
A scl tic of le Knud 11 I Fig 1-5." In th I tus,
phase probe reagents are introduced into the cell and their effusion through a small

exit orifice is measured using mass spectrometry. Generally, Knudsen cells are
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operated in the molecular-flow pressure regime, where the mean free path of gas-
phase reagents exceeds the cell dimensions such that gas surface collisions outnumber
gas-phase collisions. Under these conditions, the change in effusion of a gas through
the exit orifice of the Knudsen cell upon exposure to a solid substrate is directly related
to the probability of loss from the gas phase upon a single collision with the substrate,

and an uptake coefficient for reaction can be calculated using the following equationiI 18

Ay (1=
y_As ( IO )

Here, A, and Ag are the geometric areas of the exit orifice and the sample holder,
respectively, /, is the mass spectral signal obtained with the sample holder closed, and

1is the signal obtained with the sample open.

One of the main advantages of this apparatus is that the low pressure reached in the
reaction chamber obviates the need to consider gas-phase diffusion limitations to
reaction (see Section 1.3.2.2). Conversely, these low pressures also prevent the
ambient-temperature study of relatively volatile substrates, such as aqueous H,SO,
and do not permit the investigation of the influence of relative humidity upon
reactions. In addition, the use of bulk mineral samples also requires researchers to
scale observed uptake coefficients by the substrate surface area available for reaction,
which is not always simple to determine and which has been the subject of much

debate in the literature (see Section 1.3.3.2).
1.3.2.2  Coated-wall and aerosol flow tubes

In coated-wall flow tubes, the substrate of interest is coated on the inner surface of a
glass (typically quartz or Pyrex) tube, which is subsequently placed within a
temperature- and pressure-controlled assembly."“ Gas-phase reagents are introduced
into the flow tube through a movable injector. In aerosol flow tubes, by contrast, the

particles themselves are typically entrained in an inert gas flow and introduced into a
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flow of reagent gas using a movable injector.102 A simple aerosol flow tube schematic is

. . L4 . . .
shown in Figure 1-6.""" In this particular apparatus, a constant aerosol flux is
maintained within the flow reactor and, as is the case for coated-wall reactors, the

reagent gas is introduced using a movable injector.

{f 1\8th inch Teflon
=== tubing

movable
injector
RBG (8S)

N, O;s crystals

cryostat
223-233K

Flow humidifier CLD inlet
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\\ \\ AN CLD
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Figure 1-6 A schematic of the aerosol flow tube apparatus used by Wagner et al.?* for the
study of N,0s uptake at the surface of authentic and synthetic mineral samples. Here, a
rotating brush generator (RBG) is used to entrain particles in a N, flow, a chemiluminescence
detector (CLD) is used to detect NO at the exit of the flow tube, and an aerodynamic particle
sizer (APS) is used to characterize the dust particle size distribution.

In both of these types of experiment, the gas-phase reagent concentration is measured
at a number of injector positions, and thus as a function of gas-substrate interaction
time. The pseudo-first-order loss rate 4, determined from these measurements can
then be used to calculate a surface area-scaled uptake coefficient for reaction using
the following equation, where ¢ is the mean thermal velocity of the gas-phase reagent,

r1s the radius of the flow tube, and .S is the surface area of the mineral sample:m
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y = kObS 2r

cS
In cases where uptake coefficients are large and radial diffusion in the flow tube is
thus insufficient to replenish reagent concentrations near the substrate surface, this
equation is not valid. In order to account for such diffusional limitations, uptake
coefficients obtained in coated-wall flow tubes are often corrected using the Cooney

133, 145, 146

Kim- Davis (CKD) method, which estimates I (see Section 1.3.1.2)

Coated-wall and aerosol flow tubes have been widely used to investigate the chemistry

A 14715 - 15
PP and, to a much lesser extent, organic®'

and photochemistry of inorganic]/I
species at the surface of authentic and synthetic mineral samples. One of the main
advantages of these techniques is that they can be operated at or near atmospheric
pressure and thus permit the study of reactions as a function of relative humidity (see

Section 1.3.3.3 for a discussion of the role that adsorbed water plays in chemistry at

the mineral dust surface).

Aerosol flow tubes present three distinct advantages over coated-wall flow reactors.
First, although the surface area of a coated-wall flow tube itself is exactly calculable,
the surface area of a heterogeneous, multilayer solid coating is less so. In aerosol flow
tubes, available (external) surface areas for reaction can be calculated directly using
particle size distributions obtained from aerodynamic particle sizer (APS) or scanning

4

mobility particle sizer (SMPS) data,"”" after correction for particle non-sphericity."
Second, uptake coefficients determined using aerosol flow tubes do not require
correction for gas diffusion into underlying sample layers, which is the case for uptake

153, 154

coefficients determined using porous bulk powder or film samples.'

Third, and perhaps most importantly, they permit in situ analysis of reaction-induced
changes in particle properties: in one study, Sullivan and co-workers exposed CaCO,
particles to HINOj; in an aerosol flow reactor at a range of relative humidities and then

used an aerosol time-of-flight mass spectrometer (ATOFMS) and cloud condensation
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nuclei counter (CCNe) coupled to the flow tube to measure changes in particle
composition—specifically, the formation of calcium nitrate-and hygroscopicity,

respectively./'(i
1.3.2.3  Aumospheric reaction chambers

Atmospheric reaction chambers are large volumes, typically constructed from PTFE"™
or stainless steel,”™ which allow for the introduction of gas-phase reagents and/or
particle-phase species. Changes in gas- and particle-phase compositions as a result of
photochemical or dark reactions within the chamber are monitored using a range of in
situ and offline techniques. While atmospheric reaction chambers have been widely
used for the determination of gas-phase reaction rates” and secondary organic
aerosol (SOA) chemistry,"™ the majority of chamber studies involving mineral dust
have focused on its cloud nucleating properties rather than its chemical

. 15C
transformations.'™

To date, the only published chamber experiments exploring mineral dust chemistry
have emerged from the environmental aerosol chamber developed by Grassian and
coworkers.'™ This 150 L. stainless steel chamber can be equipped with a UV-Vis
spectrometer and/or single-pass FTIR system for the measurement of gas-phase
reagents and, in its most recent iteration, allows for the illumination of reaction

mixtures using a solar simulator located on its upper face. 161-163

Thus far, experiments conducted in this chamber have investigated the fate of gas-
phase species on individual mineral dust components, including oxides, clays, and
carbonates,'*"'% hut have yet to employ authentic dust samples. In these experiments,
particle introduction is accomplished with a flow of high-pressure gas, which is used
to inject particles (generally in the submicron size range) through a nozzle/impactor
assembly and into the chamber. This technique promotes particle mixing within the

chamber, which is typically accomplished within one minute.'?
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Figure 1-7 shows the results of a typical experiment using this assembly, in this case
investigating O, uptake by suspended Fe,O, aerosol as a function of relative
humidity.m/' In these types of experiments, heterogeneous uptake coefficients can be

determined using the following equation:'”

4k
Y =C3S[c

mass]

Here, ¢ is the mean thermal velocity of the gas-phase reagent, £ is the pseudo-first-

order rate coefficient for loss of gas-phase reagent, [C

mass

| 1s the mass concentration of

mineral particles within the chamber, and S is the surface area of the mineral sample.
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Figure 1-7 Ozone decay on a-Fe,0s as a function of relative humidity. Image reprinted with
permission from Cwiertny et al.;*®* original data from Prince et al.’**

As can be seen in Figure 1-7, one of the main advantages of chamber experiments is
that they allow reactions to be followed for hours, rather than seconds or minutes.
Under these conditions (although not in this particular case), experiments can be

performed at gas-phase reagent concentrations that more closely resemble those
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found in the environment than those typically used in flow-tube studies. This is
especially important for heterogeneous environmental samples, where the influence of
high-reactivity, low-abundance surface sites may be underestimated under conditions

of rapid surface saturation.

Recent, as-yet unpublished experiments from the CESAM chamber at the Laboratoire
Inter-universitaire des Systemes Atmosphériques (LISA), have aimed to expand the
scope of the mineral dust chamber studies performed to date. CESAM is a 4200 L
stainless steel chamber equipped with a wide variety of instrumentation for the
analysis of gas-phase and particulate species contained within it." In these
experiments, which will be presented in full at the Fall 2013 meeting of the American
Geophysical Union and in preliminary form in Chapter 6, the interaction of SO, with
mineral dust was investigated as a function of relative humidity and illumination

conditions.'"”

One of the main advances associated with these experiments was the use of
realistically produced mineral dust particles (i.e. rather than individual dust
components or sieved source sands). These particles, which had a median diameter of
1.1 um, were generated from Nigerien and Chinese desert sands using a procedure
designed to mimic the sandblasting process that leads to dust emission in the real

. ; 23
environment.

The large size of the CESAM chamber is beneficial because it allows for simultaneous
sampling by multiple instruments; in its current configuration, it can support a total
outflow of 20 L. min™". In the experiments referenced here, for example, the chamber
was interfaced not only to an SO, monitor but also to two GRIMM optical particle
counters, a WELAS light-scattering spectrometer, a condensation particle counter
(CPC), a scanning mobility particle sizer (SMPS), an aethalometer, a nephelometer,

and an aerodynamic particle sizer (APS). These complementary techniques provide a



rich dataset that would not be available under lower-flow conditions, such as those

present in coated-wall or aerosol flow tubes.
1.3.2.4  Surface spectroscopic techniques

A number of studies have employed diffuse reflectance infrared Fourier transform
spectroscopy (DRIFTS) to investigate the interaction of mineral surfaces with gas-phase

oxidants, including NO,,'™ ozone,'” N,0,"" and mixtures of SO, with O;"" and NO,."”

Normal specular
components

Incident
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N,
&

Figure 1-8 Mechanisms generating the infrared spectrum of a powdered sample. Figure from
Armaroli et al.*”

The DRIFTS technique exploits the fact that the diffuse component of a reflected
infrared beam has penetrated particles in the sample and thus contains information
regarding the sample’s absorption properties in the IR region (see Figure 1-8).'
Unlike transmission spectra, however, which display a linear correlation between the
measured signal and the concentration of the absorbing species, the appearance of
DRIFTS spectra is also influenced by particle packing density, refractive index, and

particle dimensions.'” Since all of these properties vary from sample to sample

especially in the case of real environmental samples, which are particularly
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heterogeneous—the DRIFTS technique is not ideally suited for quantitative
analysis.'”” However, keeping in mind these limitations, quantitative data can be
extracted from DRIFTS spectra by applying the Kubelka-Munk equation (see
Armaroli ez al. for a full explanation of this process), which provides spectra similar to

those obtained in transmission-mode infrared spectroscopy.]72

In a typical DRIFTS experiment, a mineral dust sample is exposed to the gas-phase
species of interest while changes in its surface composition are monitored as a
function of time. Uptake coefficients for product formation can then be determined
using the following equation:m
_ d[P]
Y =4tz
Here, [P] represents the concentration of product at the mineral surface and Z
represents the product of the concentration of gas-phase species and the collision

73

frequency.'” Since DRIFTS spectra are not inherently quantitative, the surface
concentration of products must be determined by calibration against absolute
techniques: in their study of N,O; uptake by Saharan dust, for example, Seisel and
coworkers calibrated nitrate absorbance bands by extracting and analyzing samples

using ion chromatography. 170

One of the main advantages of the DRIFTS technique is that it provides direct, in situ
information regarding the speciation and binding environment of surface-sorbed
products —information that is generally inaccessible from gas-phase uptake
measurements. It has been used, for example, to probe the ozone-initiated oxidation

of sulfite to sulfate on the surface of CaCO,."

Another technique for monitoring changes in concentration of surface-sorbed species
is glancing-angle laser-induced fluorescence. This technique, which was developed in

our laboratory, has been used to study a wide variety of atmospherically relevant
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reactions, including the ozonation of anthracene'” and chlorophyll]75 at the air-
aqueous interface and a number of PAII at the surface of organic films." In addition,
the experiments described in Chapter 2, which investigated the interaction of ozone
with pyrene at a number of proxies for atmospheric surfaces, were performed using

this technique. 121

A schematic of a laser-induced fluorescence apparatus, here used to investigate the

reaction of ozone with pyrene solid films," is shown in Figure 1-9.
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Figure 1-9 Laser-induced fluorescence apparatus for the investigation of the interaction of
ozone with pyrene solid films.

In this experimental technique, the excitation laser is aligned such that it impinges the
reaction surface at a glancing angle. Fluorescence thus excited is collected by a liquid
light guide, passed through a monochromator, and detected by a photomultiplier tube
(PMT). The PMT output is sent to a digital oscilloscope, and the resultant fluorescence
curve is read and stored for later analysis. During reactions, the loss in fluorescence
intensity of the surface-sorbed species is measured as a function of time; then, an

exponential fit to the loss curve yields a pseudo-first-order reaction rate k

obs*

One major advantage of this technique is that it allows for reactions to be followed in

situ, thereby eliminating the need for time-consuming extraction and quantification
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steps.'” In addition, because it is a surface-sensitive technique, it provides
information about the reactivity of the uppermost surface-sorbed molecules without
interference from molecules present in underlying sample layers and subject to burial-

induced reductions in apparent reactivity (see work by Zhou and coworkers'”’).

At first glance, an obvious disadvantage of this technique is that it requires the
molecules under study to be fluorescent. However, with some creativity, additional
systems can be studied: Clifford er al., for example, studied the kinetics of the reaction
of ozone with bromide at the air-aqueous interface by monitoring pH changes

associated with the reaction using a surface-sensitive fluorescent pH probe. 178

1.3.3 Challenges and considerations in translating laboratory measurements to

the “real world”
1.3.3.1 Choosing representative laboratory models

The bulk of laboratory experiments investigating mineral dust reactivity have been
performed using individual dust components (e.g. metal oxides, clays, and carbonates)
and/or standard reference dust (e.g. Arizona test dust). Fewer experiments have been
conducted using “real” environmental samples— depositional dust and source soils,
for example. In this section, the benefits and disadvantages associated with the use of

model and environmentally sourced samples will be discussed.

Experiments performed using model substrates are useful in part because they allow
for the comparison of values and (associated uncertainties) obtained using different
experimental techniques and, by extension, a metric by which to assess the strengths
and limitations of each technique. Together, experiments performed using identical
substrates provide large datasets, which are useful in assessing uncertainties in
reported values (see e.g. the recent compilation of evaluated heterogeneous kinetic
130

)

data by Crowley and coworkers' ™) and against which new techniques can be validated.
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In addition, study of simple, well-characterized systems permits a mechanistic,
molecular-level understanding of individual reactions and processes—an
understanding that may be obscured in more complex, variable systems, where
observed results may represent the vector sum of a number of unknown elementary
processes. For example, while it is obviously useful to measure the ozone uptake
coefficient of real depositional dust samples, it is impossible to infer the behaviour of
one desert dust sample from that of another without understanding which components
of dust drive its reactivity (see Chen et al'™ for an illustration of mineral-dependent

ozone reactivity) and where in the real sample these ‘active’ components are located.

Of course, model systems are not without limitations— even the simple act of choosing
a model system requires one to make value judgments regarding the model systems
worth studying. An excellent example of the pitfalls associated with this sort of
assumption-making is provided by the ice nucleation community, which studied
extensively the IN properties of clay minerals, including montmorillonite —a valid
choice, given their prevalence in advected dust samples-—only to find that the much
less abundant (and much less abundantly studied) feldspar minerals contribute

disproportionately to dust’s IN activity.” "
prop y :

A successful model study not only requires a researcher to fully understand the model
system but also requires her to develop a “transfer function” between results observed
on model surfaces and results observed in the real environment. While this is
certainly not an easy task, it often receives much less attention than is warranted. As
an example, consider that the bulk of studies exploring the iron mediation of ozone
chemistry at the mineral dust surface have been conducted using a-Fe,O;, or

164, 179

hematte — this, despite the fact that iron in dust is present not only as pure iron

oxide but also as oxyhydroxides (e.g. goethite) and in association with aluminosilicate

180

clays.zy'“ The implicit, and largely unexamined, assumption in these laboratory

studies is that an understanding of the behaviour of ozone in the presence of iron-
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containing dust can be directly gleaned from an understanding of its behaviour in the

presence of hematite.

As outlined in the preceding sections, the physicochemical properties of mineral dust
change during transport. When performing experiments using depositional dust
samples, therefore, it is difficult to know whether observed reactivity (or lack of
reactivity) arises from inherent dust characteristics or from characteristics imparted
during atmospheric processing. Indeed, a number of studies have found that the
reactivity of mineral dust changes significantly during simulated processing: for
example, a study by Usher and coworkers found that the reactivity of Al,O, particles
toward ozone decreased when the particles were pre-treated with HNO;, which
blocked adsorptive sites, but increased when they were pre-treated with SO,, which
produced sulfite and/or bisulfate species capable of reaction with ozone'' In addition,
a very recent study by Zhao and coworkers showed that the uptake of H,0, by CaCO,
particles displayed a complex dependence upon relative humidity and prior exposure
to SO, and HNO; (although exposure to SO, universally enhanced H,0, uptake, again

via formation of reactive surface sulﬁte).]82

One simple way of avoiding the uncertainties associated with this “unknown”
processing is to use the smallest—and thus most subject to long-range transport-— size
fraction of sand/soil material obtained from dust source regions. To date, however,
this technique has seen little experimental application: while several studies have
investigated chemistry and photochemistry on finely ground source sands, 01 142 150183
the as-yet unpublished work presented in Chapter 6 of this thesis represents the first
experimental investigation of photochemistry at the surface of (roughly) size-selected
source material. A further improvement on this strategy, which is also presented in

Chapter 6, involves the use of dust generated in the laboratory from source samples in

a manner that reflects dust generation processes in the real atmosphere.
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The issues discussed in this section are by no means restricted to the study of mineral
dust: another illustration of challenges associated with the use of laboratory models
for complex systems is provided by Chapter 2 of this thesis, which focuses on the
heterogeneous photochemical oxidation of pyrene, a model polycyclic aromatic

hydrocarbon (PAH), at the surface of a variety of proxies for soot and “urban grime”.
1.3.3.2  Defining available surface areas

Knudsen cells have been used to quantify uptake of atmospheric trace gases by a

185

. . . . . A . .
variety of liquid and powdered surfaces, including soot,"™ mineral dust, organic

%6 and cold sulfuric acid.™ As outlined in Section 1.3.2.1, uptake coefficients

films,
can be determined using the following equation, where A, is the geometric areas of
the exit orifice, /, is the mass spectral signal obtained with the sample holder closed,

and /is the signal obtained with the sample open:'I 18

Ay (1=
y_As ( IO )

A major challenge associated with use of this equation is the fact that determination of
environmentally relevant uptake coefficients requires researchers to decide how to
represent the surface area of sample, Ag, accessed by each gas-phase molecule over

the time-scale of uptake experiments.

In the case of liquids, which present a clearly defined surface area for uptake, A4 can

186187 11y the case of powdered

be defined as the geometric area of the sample holder.
samples, however, the situation is less trivial. Use of the geometric surface area
implies the assumption that each gas-phase molecule collides only once with the

5

solid-phase surface."™ However, as shown in Figure 1-10, gas-phase molecules may
also diffuse into underlying layers, which can also contribute to observed uptake —if
so, uptake coefficients determined using only the geometric surface area of the sample

will be significant overestimates.'®
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<¢———— First Layer
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Figure 1-10 In powdered samples, both external (y.) and internal (y) sample layers can
contribute to observed uptake coefficients. Reprinted (adapted) with permission from
Underwood et al. Determining accurate kinetic parameters of potentially important
heterogeneous atmospheric reactions on solid particle surfaces with a Knudsen cell reactor. J.
Phys. Chem. A 2000, 104, (4), 819-829."®> Copyright 2000 American Chemical Society.

Although a comprehensive solution to this issue has been developed (the ‘KML’
model"™), it requires knowledge of the diffusion constant of the gas of interest through
the powdered sample, which is difficult to measure and which varies as a function of

both substrate identity and sample packing."

In 2000, Underwood and coworkers suggested a simpler approach, which involves the
measurement of uptake coefficients at sample masses small enough to allow the gas-
phase probe molecules to access the entire sample via diffusion over the time-scale of
the uptake experiment.'"™ In this linear mass-dependent (LMD) regime, the sample
surface area available for reaction is simply its total Brunauer Emmett Teller (BET)
surface area.'™ At elevated sample masses, gas-phase molecules may not be able to
access the entire sample over the time-scale of the uptake experiment. In this ‘plateau’
regime, additional sample mass will not lead to a change in the apparent measured
uptake coefficient. An illustration of the LMD and plateau regimes is provided in

Figure 1-11 for the uptake of gas-phase NO, by Fe,O, powder.'
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Figure 1-11 lllustration of the linear mass-dependent (LMD) and plateau regimes for the
uptake of NO, by Fe,0s. Reprinted (adapted) with permission from Underwood et al.
Determining accurate kinetic parameters of potentially important heterogeneous atmospheric
reactions on solid particle surfaces with a Knudsen cell reactor. J. Phys. Chem. A 2000, 104, (4),
819-829.> Copyright 2000 American Chemical Society.

It should be noted that the scaling of uptake coefficients by the total external and internal
sample area (ie. the BET surface area, which is typically determined using N,) may not
always be appropriate. For example, BET-scaled uptake coefficients may be underestimates
for larger adsorbate molecules, which may not be able to access all adsorptive sites
accessible to N,.'"" In addition, studies investigating the uptake of HNO, and N,O; by
mineral dust, for example, have provided evidence that the use of the geometric sample
surface area may be more appropriate."“& " As noted by Kolb and coworkers,” this is an
area deserving of future study; at present, it seems prudent to regard BET-scaled and
geometric uptake coefficients determined in laboratory experiments as lower and upper

limits, respectively, to uptake coefficients in the real environment.
1.3.3.3 Effects of surface-sorbed water

Adsorption of water by mineral surfaces is efficient: for a variety of metal oxides,

including Fe,0,, TiO,, Al,O;, and MgO, monolayer water coverage is achieved at
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relative humidities ranging from 24-30%.'"" The same is true at the surface of model
dusts: using thermogravimetric analysis (TGA) for the study of water adsorption on
Arizona test dust, Gustafsson and coworkers were able to show that monolayer
coverage occurred at a relative humidity of approximately 10%." The water uptake
behaviour of China loess and Saharan sand is similar to that of single-component
clays, which suggests that the water uptake capacity of dust is dominated by its clay
fraction.” ' This adsorbed water plays a significant and complex role in chemistry

and photochemistry at atmospheric surfaces.'”

In some cases, gas-phase water competes with inorganic and organic adsorbates for
available surface sites: this effect, which manifests as a reduction in uptake of gas-
phase species at elevated relative humidities, has been observed for ozone uptake by
soot,’” Fe,0; and AlLO; aerosols,' and solid pyrene films;'” hydrogen peroxide
uptake on calcium carbonate particles;"™ and HO, uptake by Arizona test dust."”" By
contrast, surface-sorbed water promotes the uptake of some soluble species: the

5

uptake of gas-phase nitric acid on oxide particles" and Arizona test dust,”™ for
example, is enhanced at high relative humidities. This effect has been attributed to

solvation of nitrate anion by the water layer present at the dust surface.'”

At the surface of illuminated semiconductor-containing dusts (see Section 1.4.2.3),
adsorbed water can also promote uptake of gas-phase species by acting as a source of
reactive hydroxyl radical (¢*OH)." This effect has been observed for the uptake of
formaldehyde”" and ammonia'” by illuminated TiO, surfaces, which both increase

with increasing relative humidity.

Although mineral dust is primarily emitted in arid regions, advected dust is subjected
to a variety of humidity regimes during its long-range transport. In order to capture
the full range of potential chemistry and photochemistry at the dust surface, therefore,
it is important that laboratory experiments be conducted in the presence of surface-

sorbed water. While it is possible to perform flow tube and chamber experiments at



elevated relative humidities, the same is not true for Knudsen cells, which by necessity
(see Section 1.3.2.4) are operated at low pressures and therefore in the absence of gas-

phase water.

The inability to perform experiments in the presence of gas-phase water is not as
much an experimental liability as it might first seem, however, since the absence of
gas-phase water does not preclude the presence of surface-sorbed water: in an ATR-
FTIR study of water uptake by Chinese and Saharan dust, Navea and coworkers""
observed absorbance from hydroxyl groups even after overnight evacuation at <5%
RH; in the case of Chinese dust, absorbance from molecular water was even present.
These authors attributed this hysteresis in water removal to the strong adsorptive

capacity of swelling clay minerals present within the dust."!

The participation of strongly sorbed water has been invoked to explain unexpectedly
weak RH dependences in the uptake of ozone by Al,O,"" and the uptake of N,O; by

4

Saharan dust deposited in the Cape Verde islands."" The latter observation is
especially striking, since it implies that the clay fraction of Saharan dust contains
sufficient water to catalyze the heterogeneous hydrolysis of N,O;, independent of local

RH conditions.

1.4 Influence of light upon reactions at atmospheric

surfaces

Until very recently, the vast majority of laboratory experiments investigating the
interaction of trace gases with solid surfaces were performed under dark conditions.
The 2010 IUPAC evaluation of heterogeneous reactions on solid surfaces, for example,
presents only one instance the interaction of NO, with mineral dust—in which

uptake coefficients were determined under both light and dark conditions."
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In their 2010 review of the state of knowledge regarding heterogeneous uptake of trace
gases by atmospheric surfaces, Kolb and coworkers explicitly outlined the need for an
improved understanding of heterogeneous photochemistry, including that promoted
by light-absorbing species contained within mineral dust, soot, and organic aerosol.'”
The following sections aim to provide an overview of current knowledge regarding
both direct and substrate-promoted (i.e. indirect, or ‘photosensitized’) photochemistry

occurring at atmospheric surfaces.
1.4.1 Direct photochemistry on atmospheric surfaces

Atmospherically processed mineral dust contains a number of surface-sorbed
chromophores, including nitrate and polycyclic aromatic hydrocarbons (PAH),“ 8
which can undergo direct photochemistry at the particle surface. The heterogeneous
photochemistry of these light-absorbing species has been the subject of much
research study (see e.g. representative work from the laboratories of Dabestani' and

Grassianm)

. Several broad-picture insights from these investigations will be outlined

briefly here.

First, the light-induced chemistry of adsorbed species may occur more efficiently than
the corresponding chemistry in the gas phase. For example, the photolysis of HNO; at
the surface of Pyrex glass proceeds ~ 2 orders of magnitude more quickly than in the

201

gas phase or in aqueous solution.”" This observation has been attributed to an

enhancement in the absorption cross section of surface-sorbed HNO, over that

) oy
observed in the gas phase.‘“z

Second, the photochemistry of adsorbed species is substrate-dependent: the
photolysis of PAIH at the surface of fly ash and carbon black, for example, proceeds
much more slowly than at the surface of silica and alumina.**" This suppression has
been attributed to the competitive absorption of incoming radiation by the colored fly

ash substrate and/or to the efficient non-reactive quenching of PAH excited states by
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transition metal ions present at the fly ash surface.

The products of photolytic
processes may also display a substrate dependence: at the Al,O; surface, adsorbed
nitrite produced from nitrate photolysis undergoes rapid secondary photolysis to yield
gas-phase NO;* in porous aluminosilicates, by contrast, photochemically produced

nitrite is stabilized against further reaction.””

Finally, and perhaps most importantly, the direct photochemistry of adsorbed species
has the potential to alter the composition of the surrounding atmosphere. For
example, the photolysis of adsorbed nitrate at the surface of Al,O;, which has been
used as a surrogate for mineral dust, leads to the production of gas-phase NO, NO,,
and N,0O.'"™ 2% 26 Thege results suggest that mineral dust is best considered a

temporary reservoir rather than a permanent sink of NO..
1.4.2 Photosensitized chemistry: mechanisms and substrates

Many atmospheric surfaces absorb incoming solar radiation, and may thereafter
Yy P ) y

promote, or ‘photosensitize’, reactions of photochemically inactive adsorbates. In the
following sections, the primary mechanisms via which atmospheric surfaces can
promote photochemical reactions of adsorbed species will be discussed in the context
of results from recent laboratory experiments. A summary of outstanding questions in
the field will not be presented in this section but rather will be used in Section 1.5 to

provide context for the thesis work.

According to one conceptual model, which is illustrated in Scheme 1-1, there are two
primary photosensitization mechanisms available to excited-state sensitizers. In Type 1
photosensitization, the excited sensitizer undergoes a charge-transfer reaction — either
with an adsorbed gas-phase reagent or with another aerosol-phase species—to yield
radicals or radical ions, which ultimately results in the formation of oxidized
products.zo7 In Type 1I photosensitization, the excited sensitizer transfers its energy to

oxygen, which results in the formation of singlet oxygen and returns the sensitizer to
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its ground state. The singlet oxygen thus formed is then available for reaction with the

substrate itself or with other aerosol-phase species.m7

Oxygenated Oxygenated
Products Products
Sens
0; hyv
Substrate
T
Radicals or . 1
Radicallons Sens 0,
Substrate o,
or Solvent
Sensy, + Oy

Scheme 1-1 Type | and Type |l photosensitization. Reprinted with permission from Foote
(1991).2”

The following sections will outline recent developments in the study of substrate-
mediated photochemistry. The first two sections will focus on Type II and Type 1
photosensitization, respectively. The last will focus on semiconductor-mediated
photochemistry, which does not fit into the conceptual model described above but

nonetheless represents a potentially important atmospheric reactive pathway.
1.4.2.1 Type II photosensitization: energy transfer

Elevated ozone uptake coefficients in the presence of light have been observed for a

number of photoactive solid surfaces, including pyrene,”" b(3112()})}16110116,2”8

" and components of biomass burning aerosol.””

laboratory-generated soot,
As illustrated in Scheme 1-2, this photoenhancement is believed to proceed in some

207

cases via a Type Il mechanism,”™ in which the quenching of the excited-state substrate
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leads to the formation of the second electronically excited state of oxygen, O,('Y,),

which in turn reacts with adsorbed ozone."”*?%
20, + O(3P) 20, + O(3P)
0, 0,

hv 30, °0,
PS —> 1ps* —=> 3PS* +[0,(2,*) or °0,] —2> PS +0,('%,*)

Scheme 1-2 Energy-transfer reaction pathways available to a generic photoactive substrate
(PS) in the presence of Os.

Singlet oxygen formation has also been implicated in the uptake of the biogenic

volatile organic compounds limonene and isoprene by illuminated seed aerosols

210

containing humic acid,”” a well-known singlet oxygen source in aqueous solution.*"

Singlet oxygen-mediated processes in atmospheric particulate matter need not involve
the participation of additional gas-phase adsorbates: for example, studies have shown
that singlet oxygen produced from the illumination of a wide variety of surface-sorbed

PAH can in some cases react with the PAH itself to produce oxidized products.212

1.4.2.2  Type I photosensitization: charge transfer

In a pioneering set of papers, the research group of Christian George reported the
photoenhanced uptake of NO, and concurrent production of HONO at the surface of
humic acid and other model compounds used as laboratory proxies for the organic

. 213.215 . . . .
component of tropospheric aerosol.?™" Since this time, light-enhanced uptake of

NO, has also been observed for a number of additional substrates, including pyrene,m

soot,”"” and proxies for atmospheric polyphenolic compounds.*”
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As shown in Scheme 1-3, this photoenhancement is believed to proceed via a Type 1

mechanism,” in which a charge-transfer complex is formed between adsorbed NO,

and the excited substrate. In this photosensitization mechanism, excited-state
substrate molecules ultimately act as electron donors, thereby reducing NO, to nitrite

anion, which can subsequently be protonated and released into the gas ];)11315‘6.2(’7‘21"‘2I7

H,0
NO —=——> PSOH + HONO
—=> [PS*-NO,]*

) ——> PS-NO,
v (o)
PS —> 1ps* —>—> ['PS*-0,* |

IIPS_OZM

0, 1pg+ —1%
—> [1PS*-0,7]

Scheme 1-3 Charge-transfer reaction pathways available to a generic photoactive substrate
(PS) in the presence of NO,, O, or Os. PS-NO;, and “PS—0,” denote nitro- and oxygenated
products, respectively.

The interaction of excited substrates with NO, has also been shown to result in the
formation of nitrated products, some of which can subsequently photolyze to yield
additional HONO.*" Indirect evidence for the yield of these nitrated products is
provided by experiments performed at the pyrene surface, which found that only ~
50% of NO, loss in the presence of light could be accounted for by the production of

216

gas-phase nitrogen oxides (NO and HONO).

As outlined in the previous section, the photoenhanced uptake of ozone by a variety of
substrates is believed to occur via a singlet oxygen-mediated mechanism, which from
the perspective of the substrate itself can be viewed as a purely photophysical (i.e. non-
destructive) process. In some cases, however, the ozone-induced reaction of the substrate

wself is also accelerated in the presence of light: the ozone-induced losses of solid
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20 and 3,4,5-trimethoxybenzaldehyde,”" for

pyrene films,"” silica-sorbed veratraldehyde,
example, all proceed more quickly with illumination. This accelerated reactivity,
which has been attributed to the formation and subsequent degradation of charge-

transfer complexes between the substrate and adsorbed ozone," is discussed in more

detail in Chapter 2.

In some cases, the photoenhanced loss of ozone at the surface of organic films can
also occur via a charge-transfer pathway.m" 2225 The light-enhanced uptake of ozone
by humic acid films, for example, which occurs more rapidly at higher pll, is believed
to occur via an electron transfer from photoexcited phenolate moieties to adsorbed

999
OZOI]C.HH

As was the case for energy-transfer processes, charge-transfer reactions can also occur
between condensed-phase species without the participation of gas-phase adsorbates.
For example, the photosensitized oxidation of sea-salt halides by benzophenone is
believed to occur via reactive quenching of the benzophenone triplet state,”" and the
first step in the formation of oligomeric products from illuminated solutions of phenol
in the presence of the photosensitizer anthraquinone-2-sulfonate (AQ2S) is believed

to be the oxidation of phenol by the AQ2S triplet state.””

The formation of charge-transfer complexes is not specific to organic substrates: for
example, the photoinduced dissolution of Fe,O; in the presence of oxalic acid is
believed to occur via a ligand-to-metal charge-transfer complex, which decomposes to
yield dissolved Fe(II)."” This mechanism will be described in more detail in Chapter 5,
which focuses on the photochemistry of oxalic acid in the presence of Fe,O, and iron-

containing sand and ash.
1.4.2.3 Semiconductor-mediated photochemistry

As noted in Section 1.1, mineral dust contains substantial quantities of Fe,O; and

Ti0,, both of which are semiconductors and thus would be expected to promote the
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photochemical processing of adsorbed species.” Although the bulk of research in TiO,
photocatalysis has been conducted in the context of air and water puriﬁcation,m’228 a
number of recent studies have investigated its participation in photochemical

processes of atmospheric significance. Specifically, TiO, has been shown to promote

oo .. e
29 20 and ammonia” and the

the photooxidation of adsorbed nitrate, sulfite,

photoenhanced uptake of NO,,'” formaldehyde,”" and O,.""!

Figure 1-12 provides a mechanistic summary of the photoinduced processes that can
occur at the Ti0O, surface. As illustrated in this diagram, illumination of TiO, results in
the formation of electron-hole pairs. The holes thus formed can oxidize adsorbed
species directly or can react with adsorbed water to form hydroxyl radical, which can
in turn serve as a surficial oxidant."""*!' The photoproduced electrons can react with
adsorbed oxygen, which results in the formation of reactive superoxide radical (O,"),

or directly reduce adsorbed species.zt’]

hv 9, —> 0y
A | No,—> NO;
0,— 0,

Do+

H,0 —> OH- +H*
D NOJ' -—_> NOJ'
R-OH —> R=0

Figure 1-12 Photoredox processes at the surface of illuminated TiO,. The formation of
electron—hole pairs can result in the reduction of electron acceptors (A) by photogenerated
electrons and the oxidation of electron donors (D) by photogenerated holes.
Image reprinted (adapted) with permission from Chen et al. Titanium dioxide photocatalysis in
atmospheric chemistry. Chem. Rev. 2012, 112, (11), 5919-5948.%3? Copyright 2012 American
Chemical Society.
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Although fewer studies have investigated the role that Fe,O; may play in atmospheric

photochemistry, laboratory work has shown that it can catalyze the aqueous

233 234

photooxidation of pyrene, “’sulfur dioxide,” oxalic acid,”® phenol,m and chlorinated
phenols.*” The photochemistry of organic compounds at the surface of Fe,Oy is

explored further in Chapters 4 and 5.

A small number of field and laboratory studies have explored inorganic
photochemistry at the surface of authentic mineral dust samples, including that of
surface-sorbed nitrate*™ and gas-phase NO,.""*" Fewer studies still have focused on
the photochemistry of organic species at the surface of mineral dust and other
photoactive substrates. The current state of knowledge in this area will be summarized

in the next section.

1.5 Introduction to the thesis work

1.5.1 Current knowledge and outstanding questions

Despite the best efforts of a small group of (primarily laboratory) researchers, a fully
comprehensive understanding of heterogeneous atmospheric photochemistry at the
surface of dust and other photoactive substrates remains elusive. As demonstrated by
the illustrative work presented in the previous section, the vast majority of publications
in this nascent field have focused on the heterogeneous photochemistry of inorganic
pollutants — much less is currently known regarding the heterogeneous photochemistry

of gas-phase organic species typical of urban environments.

Investigations of substrate-catalyzed organic photochemistry are scattered throughout
the catalytic, agricultural, and environmental literature, however, and this section
represents an attempt to concisely summarize the current state of knowledge in this
field. Since an excellent atmospherically focused review of current knowledge in the

field of TiO,-catalyzed organic photochemistry was published recently by Chen and
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coworkers,” this section will focus on organic photochemistry at the surface of

authentic environmental samples.

In a 1978 paper, Pierotti and coworkers reported modest but significant reductions in
gas-phase concentrations of CCl; and CH;CCl; over the Sahara in the presence of

240

dust.”" Laboratory studies have since found that the photochemistry of CH,CCl; on

. g YA . Y4 - .
aluminosilicate clays,z” fluorochloromethanes with desert sand,*” and CCLF on soil

243

and fly ash™ can be a sink for these species, which are otherwise considered largely
recalcitrant under tropospheric conditions. A full understanding of CH;CCl; loss
pathways is especially important because the slow atmospheric decay of this species
since its restriction under the Montreal Protocol, which has been assumed to proceed

primarily via reaction with OH, has been used extensively to infer global OH

< 244
concentrations.

A small number of studies have investigated the photocatalytic activity of coal fly ash.
While some studies have found that it promotes the photodegradation of adsorbed
PAH*™ %% others have found that it stabilizes adsorbed PAH against
photooxidation.*” *® Fly ash has also been shown to promote the photooxidation of

adsorbed ethanol and methyl-tert-butyl-ether (MTBE).*"

In an effort to understand the post-application behaviour of pesticides, a large

number of studies have investigated their photolysis at the surface of clay minerals

250-254

and whole soils. These studies have shown that pesticide degradation can

1253

mediated by hydroxyl radical®” and/or singlet oxygenz“ produced at the illuminated

surface of clays and soils. There is no question that this large body of work (see e.g. a
substantial 2004 review article by Katagiz“()) has the potential to provide useful
mechanistic insights to researchers studying photochemical processes catalyzed by

tGI’I’igCIIOUS aerosol.



As alluded to above, illumination of environmental surfaces may lead to the
production of reactive radicals. More focused mechanistic studies have shown that the

255
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illumination of soil surfaces™ and - perhaps surprisingly —non-transition-metal

oxides™" leads to the production of singlet oxygen; that hydroxyl radical is produced

258 9

by Fe,0,,%” montmorillonite,” and other claysz" in illuminated aqueous solutions;

and that H,0, is produced in suspensions of desert sand.”"

Together, these results suggest that a multitude of mechanisms exist by which mineral
dust and other photoactive surfaces could influence the fate of semi-volatile organic
species in polluted environments. A comprehensive understanding of these
mechanisms is lacking, however: prior to the work presented in this thesis, the only
direct experimental evidence of dust-mediated chemistry of organic pollutants came
from a single study, which measured the photooxidation of toluene at the surface of
volcanic ash and desert sand.”' As will be outlined in the following section, the
primary goal of this thesis is to improve our understanding of the photochemical

interactions of urban pollutants with photoactive surfaces.
1.5.2 Thesis outline and goals

Significant uncertainties remain regarding the role that photochemical reactions
occurring on dust and other photoactive surfaces may play in influencing the
concentration and lifetime of gas-phase pollutants in urban environments. In order to
address these uncertainties, this thesis explores the photochemical reactivity of these
environmental surfaces in controlled laboratory settings. The body of this thesis is
organized into five chapters, each of which explores a different aspect of atmospheric

heterogeneous photochemistry.

Chapter 2 reports the results of an investigation of the effect of light upon the reaction
of ozone with pyrene, a carcinogenic product of incomplete combustion present on

the surface of soot and “urban grime”. These experiments, which were performed on
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three model surfaces designed to mimic the range of reactive environments available
to pyrene under real atmospheric conditions, aimed to answer the following main

questions:

* Does the reaction of ozone with pyrene display a light enhancement?
* Does the photochemical behaviour of pyrene depend on the chemical

characteristics of the environment in which it is located?

Chapter 3 focuses on the photochemistry of atmospherically relevant alcohols at the
surface of TiO,, which was employed as a simple laboratory proxy for the photoactive
component of mineral dust. The first main goal of this project was to develop a new
technique, the photochemical Knudsen cell reactor, for the study of heterogeneous
atmospheric photochemistry. The work presented in this chapter, which was conducted

using this custom-built apparatus, aimed to answer the following specific questions:

* Does the photooxidation of alcohols occur efficiently at the TiO, surface?
*  What are the gas-phase products of alcohol photooxidation?
* How does the presence of nitrate influence alcohol photochemistry at the TiO,

surface?

Chapter 4 focuses on the photochemistry of oxalic acid, the most atmospherically
abundant dicarboxylic acid, at the surface of Mauritanian sand and Icelandic volcanic
ash. The overall goal of this work, which is one of the first studies of organic
photochemistry at the surface of real environmental samples, was to discover whether
mineral dust-catalyzed photochemistry could serve as an additional sink for this
species under arid conditions. Specifically, this project used simultaneous gas- and

surface-phase measurements to answer the following questions:

* Does mineral dust catalyze the photooxidation of surface-sorbed oxalic acid?

* Is this photooxidation mediated by Fe and Ti present in the dust?
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Chapter 5 presents an exploration of the dust- and ash-mediated photochemistry of
fluorotelomer alcohols (FTOHs), a class of chemicals used in the production of water-
and oil-repelling surface coatings. This project, which was performed using a variety of

gas- and surface-phase analytical techniques, aimed to answer the following questions:

* Do FTOHs partition to atmospheric surfaces?
*  What are the gas- and particulate-phase products of FTOI photooxidation?
* Does FTOH photooxidation produce surface-sorbed perfluorinated carboxylic

acids (PFCAs; a toxic, recaleitrant, and bioaccumulative class of chemicals)?

Chapter 6 moves away from dust-catalyzed organic chemistry; instead, it focuses on
the light-mediated interactions of SO, with sand samples from Niger and China. This
project, which was performed in part in the CESAM atmospheric chamber at the

Université Paris Est— Cretéil, attempted to answer the following questions:

* Does illuminated desert sand catalyze the production of surface-sorbed sulfate
in the presence of gas-phase SO,?

* How does the efficiency of this process depend on sand particle size (and, thus,
composition)?

* Does the interaction of SO, with illuminated dust result in new particle

formation?

The results obtained in these studies provide insight into the behaviour of a wide
variety of urban pollutants sorbed to photoactive surfaces. Overall, this thesis
represents a first step toward an assessment of the absolute importance of the surface-
catalyzed photochemistry in determining the atmospheric lifetime and ultimate fate of
these pollutants. The concluding chapter, Chapter 7, provides a summary not only of
the experiments conducted as part of this thesis but also of the broader health and
climate implications of photochemical processes catalyzed by atmospheric surfaces,

and, finally, outlines a set of recommendations for future work in this field.
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Chapter 2

Substrate effects in the

photoenhanced ozonation of pyrene

Reprinted (adapted) from Styler, S.A.; Loiseaux, M.-E.; Donaldson, D.J. “Substrate
effects in the photoenhanced ozonation of pyrene” in Atmospheric Chemistry and Physics

2011, 11, 1243-1253.
Contributions:

Experiments at the aqueous surface were carried out by Marie-Eve Loiseaux under the
direction of Sarah A. Styler. All other experiments were designed and performed by
Sarah A. Styler. The manuscript was written by Sarah A. Styler, with critical
comments from D. James Donaldson.
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2.1  Introduction

In high-density urban environments, the percentage of land area covered by
impervious surfaces-roads, rooftops, side- walks, windows, and other surfaces that
hinder the infiltration of water into soil' —can reach 98%.” In 1998, Law and Diamond
postulated that an organic film develops on these surfaces via the direct condensation
of semi-volatile chemicals and/or via the deposition of secondary organic aerosols,
which are in turn formed by the nucleation or condensation onto particles of the
lower-vapour-pressure products of gas-phase reactions.” This organic coating,
commonly referred to as “urban film”, has been shown to enhance both the particle
capture efficiency of the surface and the sorption of gas-phase chemicals to the

. . . VS
surface, and thereby serve as a reservoir for hydrophobic organic compounds.™”

Chemical characterization of the organic fraction of urban film has revealed the
presence of a variety of alkanes; a number of polar functional groups, including
alcohols, esters, carboxylic acids, and carbohydrates; a large fraction of polymeric
material; and a wide variety of compounds of toxicological signiﬁcance.“'” of
particular interest to this study is the polyeyclic aromatic hydrocarbon (PAH) profile
observed in urban films: total PAH concentration has been shown to rise along a
rural-urban gradient'" and can reach values as high as 62 000 ng m % in highly polluted

urban GIIViI‘OIHIIGIltS.()

Generally, urban film contains an “aged” PAH profile as compared to that present in
“fresh” vehicle exhaust: less reactive PAHs such as pyrene, phenanthrene, and
fluoranthene dominate in the film while more reactive PAIls such as anthracene and
benzola]pyrene are depleted 261 This abundance pattern has been attributed to the
rapid photo- oxidation of reactive PAH species, both in the gas phase and in the film
itself.® Indeed, the results of one modelling study suggest that the large surface-area-

to-volume ratio of urban film (~1.4 x 10°) serves to promote chemical loss by re-
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volatilization, wash-off, and photo- induced reactions. '

Motivated by these observations, our group has explored the role that organic films

13-16

play in heterogeneous atmospheric reactive processes. The heterogeneous

ozonation of PAHs in solid films'® and incorporated into artificial “window grime”'/I
has been shown to proceed considerably faster than in the gas phase; in fact, the
results of a modelling study suggest that ozonation on surface films is a major loss
process for lower-volatility PAH species."‘v’ Given that the products of PAH ozonation
are themselves photoactive,” these results imply that oxidative processes occurring

within urban films may not only significantly influence the lifetime and relative

abundance of PAH species but also promote other heterogeneous photoprocesses.

18,19

The products of PAH ozonation, which typically display enhanced toxicity, would

not be expected to partition into the gas phase. Rather, their residence time in the
film would be expected to be limited by rain-induced washoff, which has been shown
to transfer the vast majority of PAH species to urban surface waters regardless of
20

This phenomenon has the potential to act as a pathway for contamination of

polarity.

urban soils and vegetation.

In recent years, a wide variety of studies have investigated heterogeneous

photochemical processes occurring on solid organic surfaces® ™ and organic

compounds sorbed to silica particles,”

where these surfaces have been envisaged as
laboratory proxies for organic aerosol and urban film surfaces. These studies have
shown that the heterogeneous reactive uptake of O; and NO, by a variety of

. . . . . 21-2
photoactive organics is enhanced in the presence of hght,” #

and have provided
indications that such light-enhanced processes may alter aerosol WettabilityzI and
optical ]g)roperties.z‘(J To date, however, the basic assumption underlying laboratory
work in this area— that the reaction environment provided by simple proxy systems is

sufficiently representative of that provided by real environmental surfaces— has yet to

be comprehensively examined.
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Guided by early experiments by Diamond et al..” which showed that the urban film—
air and octanol-air partition coefficients were comparable for a variety of PAH
species, our group has previously used octanol as a proxy for the organic component
of urban surface films."* This, with the recent discovery that PAHs associate strongly
with black carbon aerosol particles in the organic component of urban films," leads
one to expect that both solid PAH films and PAH-containing octanol films may be
appropriate laboratory proxies for urban film surfaces. In this study, we test the
assumption that photoenhanced processes are similar in these substrates by
examining the influence of light upon the ozonation kinetics of pyrene, a

representative PALL, at air-octanol, air-solid film, and air-aqueous interfaces.

2.2 Materials and methods

2.2.1 Apparatus

The glancing-angle laser-induced fluorescence technique used in this study has been
previously used by our group to investigate a range of heterogeneous oxidative
processes.”’ 16. 31 A1) experiments described herein were conducted in the ~500 mL
Teflon reaction chamber recently employed by Styler es al'’ to study the ozonation
kinetics of solid pyrene films. A quartz window present on the top of the reaction
chamber allows for the illumination of samples. The chamber is also equipped with
inlet and outlet ports for the introduction and venting of gaseous reagents. Gas-phase
ozone was generated by passing a flow of high-purity oxygen (1 L. min ', as measured
by a mass flow meter) through a variable ozone generator. Prior to its introduction to
the sample chamber, the ozone flow was directed through a 10-em quartz-windowed

absorption cell, where its concentration was determined by measuring the attenuation

of the output of a 254-nm Hg pen-ray lamp passed through the cell.

Sample excitation was accomplished using either a pulsed nitrogen laser (337 nm) or a

Nd:YAG-pumped tunable optical parametric oscillator (operated at 266 nm), which
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were aligned such that the incoming beam passed through a quartz window, impinged
on the sample surface at a glancing angle, and exited the chamber through a second
quartz window opposite the first. The lasers were operated at a repetition rate of ~10

1

Hz and had pulse energies of ~260 pJ pulse ' and ~3 mJ pulse ', respectively.

Pyrene fluorescence was collected perpendicular to the sample by a 7-mm diameter
liquid light guide positioned ~1 e¢m above it. The fluorescence was imaged into a
monochromator and the wavelength-resolved intensity was then detected by a
photomultiplier tube, the output of which was sent to a digital oscilloscope. The
resulting fluorescence decay curves were averaged over 16 laser shots; a 25-70 ns
segment of each such averaged curve was sampled by a Lab-VIEW data-acquisition

program and stored for later analysis.

2.2.2 Sample preparation

14, 30

Octanol-based films were prepared by dispensing 20 pl. of a 10° M or 10> M
solution of pyrene in l-octanol onto a microscope slide that had been previously
greased with ~1 mg silicone stopcock grease (Dow Corning). A spatula was then used
to smear the pyrene solution across the surface of the slide such that it became well
mixed with the stopcock grease. Solid pyrene films were prepared by dispensing 20
ul. of a 2.5 mM solution of pyrene in methanol onto a clean microscope slide and
allowing the methanol to evaporate. The surface coverage of films prepared using this
technique (~2.5 pg em ?) is of the same order of magnitude as the surface coverage
used for our previous investigation of the ozonation of solid pyrene films.'" In order to
study the ozonation kinetics of pyrene at the air-aqueous interface, 2.4 ml of a
2.6 x107 M solution of pyrene in 18 MQ deionized water was used to fill a shallow

Petri dish positioned below the liquid light guide. One set of experiments was also

conducted with a five times more dilute pyrene solution.
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2.2.3 Fluorescence spectra and ozonation Kinetics studies

Wavelength-resolved fluorescence spectra of pyrene at the surface of the three
substrates investigated in this study were obtained under an oxygen atmosphere. For
each sample, the monochromator was manually scanned to monitor fluorescence

intensity at 1-nm intervals over the wavelength range of interest.

Since pyrene fluorescence is efficiently quenched by oxygen,” all kinetics experiments
began by allowing pure oxygen to flow through the reaction chamber. Once the
pyrene fluorescence intensity reached a constant value, the ozone generator was
turned on. The heterogeneous ozonation of pyrene at the surface of dilute octanol
films and at the air-aqueous interface was followed by monitoring the time-dependent
decay of fluorescence from monomeric pyrene (vide infra) upon exposure to gas-phase

ozone. Experiments at the air-aqueous interface were performed at ozone

3 3

concentrations ranging from 1.8 x 10" molec em”’ to 5.8 x 10" molec em ™’

fluorescence was measured at either 392 nm or 372 nm. Experiments at the air-

* ozone and monitored at

octanol interface were performed using ~8 x 10" molec em™
384 nm. The heterogeneous ozonation of solid pyrene films and pyrene at the surface
of concentrated octanol films was followed by monitoring the time-dependent
decrease in excimer fluorescence at 466 nm (vide infra) upon exposure to ~6 x 10" and

~8 % 10" molec em™”® ozone, respectively. All reactions were performed at room

temperature and atmospheric pressure.

Samples were illuminated using the optically filtered (A > 295 nm) output of a 150 W
xenon arc lamp (Oriel Corporation). The output of the light source was blocked for ~5
s prior to the acquisition of fluorescence intensity data in order to ensure that pyrene
fluorescence excited by the laser was the only signal collected by the liquid light

guide.



2.2.4 Chemicals

1-octanol (99%, Aldrich), pyrene (98%, Aldrich), and methanol (ACS grade, Aldrich)
were used without purification. Oxygen gas (99.995%, BOC Gases) was used as

delivered.

2.3  Results

2.3.1 Fluorescence spectra

The vibronic fine structure of pyrene monomer fluorescence shows a strong
dependence upon the local solvent environment: in particular, the ratio of intensities
of the third (III) to the first (I) peaks in the fluorescence emission spectrum is lower in
more polar environments than in less polar ones.™ Figure 2-la compares the
fluorescence emission spectrum observed for pyrene at the surface of dilute octanol
solution with that observed for pyrene at the air-aqueous interface." The I11/1 ratio
observed for pyrene at the air-aqueous interface (~0.6) is considerably lower than that
observed at the surface of dilute octanol films (~1.2). This observation suggests that
pyrene experiences a more polar environment at the air-aqueous interface than at the

air-octanol interface.

Figure 2-1b displays the fluorescence emission spectra of pyrene measured at the
surface of dilute and concentrated solutions of pyrene in octanol and of pyrene at the
surface of solid film samples. At high bulk solution concentrations, the fluorescence
spectrum of pyrene at the surface of octanol films contains a broad, red-shifted,
featureless band characteristic of emission from excimeric pyrene."” Solid pyrene

. - . . 24
films, by contrast, exhibit unstructured, excimer-type fluorescence excluswely.iI
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Figure 2-1 Fluorescence emission spectra of pyrene measured at the surface of a) 2.6x10” M
solution of pyrene in deionized water (black) excited at 337 nm and 10~ M pyrene in octanol
(red) spread on silicone grease and excited at 337 nm; and b) 10 M (red) and 102 M (blue)
pyrene in octanol spread on silicone grease and excited at 337 nm, and 2.5 ug cm™? surface
coverage solid pyrene film (black) prepared via evaporation from methanol solution and excited
at 266 nm.




2.3.2 Dark ozonation kinetics

The heterogeneous ozonation kinetics of pyrene were determined by fitting the time-
dependent loss in fluorescence intensity upon exposure to ozone to the exponential

function:
I — I(]eik“hst + C (])

Here, 1, is the initial fluorescence intensity, I is the fluorescence intensity after time ¢,

k

is the observed fluorescence decay rate due to reaction, and c is a constant that

obs

accounts for variations in background signal intensities. The values of k,,; obtained in

obs

this manner are displayed in Table 2-1.

Because ozone concentrations remained constant during each experiment, k,, is a

obs
pseudo-first-order rate coefficient. As exemplified in Figure 2-2 by the quality of the
fits for the heterogeneous ozonation of pyrene at the air-aqueous interface, the
reaction is first-order with respect to pyrene in all of the environments under study
(R* = 0.85 for solid films and > 0.98 at the air-aqueous and air-octanol interfaces). The

value of k,,, at the air-octanol interface compares well with that previously observed

obs

by Kahan et al." for pyrene at the surface of decanol-based urban film proxies. The

k

obs

obtained for solid pyrene films is similar to that obtained by our group under

comparable experimental conditions.'

The solid symbols in Figures 2-3a and b show the dependence of k,, on gas-phase
ozone concentration for solid pyrene films'® and pyrene at the air-aqueous interface,
respectively, under dark conditions. As shown by the hollow square in Figure 2-3b, a

comparable k,, is observed at the surface of a five times more dilute pyrene solution.

obs
This result implies that the kinetics observed at the air-aqueous interface are not
influenced by pyrene- pyrene interactions. The solid lines in Fig. 3a and b illustrate
fits to the data assuming a Langmuir-Hinshelwood kinetic model, in which ozone ad-

sorbs to the surface prior to reaction and the rate of reaction depends upon the
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Figure 2-2 Decay in fluorescence emission intensity at the surface of 2.6 x 107 M pyrene in
deionized water (337 nm excitation; 392 nm emission) upon exposure to ~6 x 10" molecules
cm™> ozone. The solid circles show the dark reaction while the hollow circles show the light
reaction. All experiments were performed at room temperature and atmospheric pressure.

surface concentration of both speciesf{" Under these conditions, the dependence of

k

upon gas-phase ozone concentration can be fit to an equation of the following

obs

form:

_ Alos @] ,
Kobs = 5+ (05 (@) g

Here, A is equal to the product of the bimolecular rate constant k" and the maximum
number of surface sites available for ozone adsorption V., and B represents a ratio of
surface desorption to adsorption from both bulk phasesfiI As shown in Table 2-1, the

Langmuir-Hinshelwood parameters obtained in the present study for pyrene at the
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air-aqueous interface agree well with those previously obtained by Donaldson et al”
2.3.3 Ozonation kinetics under illumination

At the highest ozone concentration employed in these experiments (~8 x 10"
molecules e¢m ’), the average pseudo-first-order rate coefficient for ozonation of
pyrene under illumination at the surface of both dilute and concentrated octanol films
is the same as that observed in the dark. At an ozone concentration of ~6 x 10"

molecules em ™

, the ozone-driven loss of pyrene at the air-aqueous interface and at
the surface of solid pyrene films displays a modest enhancement in the presence of

light. These results are summarized in Table 2-1.

The average k,,, for the heterogeneous ozonation of solid-film pyrene increases from

obs

(244 + 0.92) <« 107 s " in the dark to (4.71 + 0.81) x 10° s " upon illumination at an
ozone concentration of ~6 x 10" molec em*. This enhancement, illustrated by the
triangle symbols in Figure 2-3a, is comparable to that previously observed by our
group for solid-film pyrene under similar conditions: at an ozone concentration of ~8

% 10" molec em ’, the average k,,, increased from (3.2 + 1.1) x 10”° s " in darkness to

obs

(5.3 + 1.5) x 10’ s " in the presence of light."

The photolysis of solid-sorbed pyrene is
known to be slow.”* With no ozone present, we observe only a slow evaporative loss

of pyrene upon illumination.

The hollow symbols in Figures 2-3a and b show the dependence of k,, on gas-phase
ozone concentration for solid pyrene films'® and pyrene at the air-aqueous interface,
respectively, under illuminated conditions. As shown by the intercept in Figure 2-3b,
photochemical loss of pyrene at the water surface in the absence of ozone cannot fully
account for the enhancement observed at the air-aqueous interface. Unlike the
pseudo-first-order ozonation rate of illuminated pyrene solid films, which displays a

16

Langmuir- Hinshelwood-type dependence on gas-phase ozone concentration,” the

pseudo-first-order ozonation rate of pyrene at the air-aqueous interface varies linearly
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Figure 2-3 Heterogeneous loss rate of pyrene at the a) air—solid film and b) air—aqueous
interface as a function of gas-phase ozone concentration. The solid circles represent the dark
reaction while the hollow circles represent the light reaction. In a) the inverted triangles
represent the current experiments; all other data is adapted from Styler et al. (2009). The
inverted solid triangle in b) represents experiments performed using a 320 nm long-pass optical
filter; all other experiments were performed using a 295 nm filter. The hollow square in b)
represents experiments performed at the surface of five times more dilute aqueous pyrene
solutions under dark conditions. All experiments were performed at room temperature and
atmospheric pressure.
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with gas-phase ozone concentration. At the surface of a substantially more dilute
pyrene solution, we again observed a linear dependence of pyrene loss rate on ozone

concentration (not shown in Figure 2-3).

In order to verify that the enhanced pyrene loss observed under illumination does not
arise from reaction of pyrene with OIl produced by the photolysis of ozone and
subsequent reaction of O('D) with water vapour, some experiments were performed
using a 320 nm long-pass optical filter. O('D) production under these conditions—
estimated using measured filter transmission spectra and literature values for ozone
absorption cross section and O('D) quantum yield™ —is expected to be two orders of
magnitude lower than O('D) production using the 295 nm long-pass filter. However,
as illustrated by the solid inverted triangle in Figure 2-3b, we observed a near-

identical k., in these experiments, which implies that OH production does not

obs

contribute to the observed kinetics.
2.4 Discussion

2.4.1 Heterogeneous ozonation of pyrene under dark conditions

Previous mechanistic studies of the reaction of gas-phase ozone with solid films of

4

pyrene,]G pyrene at the surface of dilute decanol-based urban film proxies," and
pyrene at the air-aqueous interface"” have shown that all three reactions proceed via a
Langmuir-Hinshelwood mechanism, in which ozone adsorbs to the surface prior to
reaction and the rate of reaction depends upon the surface concentration of both

species;i"

The Langmuir-Hinshelwood A parameter contains the two-dimensional rate
coefficient for reaction: as shown in Table 2-1, its value for solid-film pyrene is
approximately three times larger than for pyrene at the air-aqueous interface and

approximately five times larger than for pyrene at the surface of octanol films. This
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k()/}x (Oi> k()/}x (/IV + Ofi) /Cu/l.y </ZV> A B / 10]3
/103! /103! /103! /103! molec em™
3.4 +0.3 0.5 +0.2
a a SIIIE{H b.c b.c
olid fil 2.44 + 0.92 4.71 + 0.81 . Alive (dark) (dark)™
SOHA T 3.2+ 1.1 5.3+ 150 | CVAPOTAVE 5.0+ 0.6 0.6 + 0.3
IOSS b.c b.c
) )
air—octanol 0.65:0.18h
interface 0 ;10'1(1 0.67" -- -- --
(10'3 M) U
air—octanol
interface 0.63 0.55 -- . --
(10'2 M)
P 1.5 (dark)* 2.1 (dark)"
B 1.740.7" 2.8+0.7" 0.55+ 0.04" 1.3+ 04 21+ 1.6
feriace (dark)" (dark)"

Table 2-1 Kinetic parameters for pyrene loss as a function of proxy identity

result echoes previous observations of enhanced PAH reactivity in the solid state: the
A parameters for the heterogeneous ozonation of both benzola|pyrene and anthracene

9, 40

are larger when they are sorbed to solid surfaces™  than when they are incorporated

. A
into octanol- or decanol-based films."

It is tempting to propose that the heterogeneous ozonation kinetics of PAHs dissolved
in organic films might be limited by the diffusion of PAHs from bulk solution to the
air-film boundary. After a thorough examination of this issue, however, Kwamena et
al.™ concluded that such liquid-phase diffusion constraints are likely not important.
This suggests that the mechanism by which the reaction environment influences the

heterogeneous reaction of PAHs with adsorbed ozone is chemical in nature.

In organic solvents, the rate-determining step for PAH ozonation is believed to be the

. . . ey . he .
formation of a charged m- or c-complex with ozone via electrophilic attack. 2 This
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implies that both the polarity of the reaction environment and the electrophilicity of
ozone within the reaction environment may influence the rate of PAH ozonation. If
such effects were important at interfaces, one would expect the heterogeneous
ozonation rate of PAHs to vary as a function of surface polarity. Our work provides
some support for this hypothesis: the pseudo-first-order rate coefficient for ozonation
of pyrene at the air-aqueous interface is somewhat larger than that observed for
pyrene at the air-octanol interface. However, this observation is far from universal:
the Langmuir-Hinshelwood A parameter for the reaction of ozone with anthracene
has been observed to be virtually identical (2.5 x 10 % s ') when anthracene is present
at the surface of “pure” water, water coated with a monolayer of 1-octanol, or decanol-
based urban film proxies.'/'" ! Taken together, these results suggest that the role that
the chemical nature of the surface plays in influencing the heterogeneous reaction of

PAHs with adsorbed ozone under dark conditions is at best uncertain.

As illustrated in Fig. 2-1b, we observe broad, featureless, excimer-type fluorescence at
the surface of both solid pyrene films and concentrated octanol films. On solid
surfaces, excimeric emission by pyrene has been largely attributed to absorption and
subsequent emission by weakly bound ground-state associated pairs.%‘ ® Evidence for
the existence of higher aggregates in the solid state is provided by the absorption
spectrum of thin pyrene films, which exhibits a long-wavelength tail.” The enhanced
ozonation loss rate observed for PAHs in the solid-film environment as compared to
the organic-film environment has been previously postulated to arise from an
enhanced reactivity of such self-associated PAHs with ozone." Indeed, it seems
plausible that the extended electronic structure of the solid film and the resultant
resonance stabilization of charged reaction intermediates might confer enhanced

heterogeneous reactivity toward ozone.

Until recently, ground-state PAH aggregation was not believed to occur in solution:

the broad, structureless emission observed for solution-phase pyrene and other PAIls
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at high concentrations had been attributed exclusively to “dynamic” excimers-—
transient dimers existing only in the excited state and formed by the interaction of an
excited molecule with one in the ground state.” A number of recent studies, however,
have suggested that ground-state associated pairs and/or aggregates, whose formation
has been shown to be promoted by hydrophobie, n-stacking interactions, may also
contribute to the emission profile of concentrated pyrene solutions.”™ The role that
these species play in the reactivity of pyrene at the air organic interface is currently

unclear, however, and warrants further study.
2.4.2 Heterogeneous ozonation of pyrene under illumination

Some mechanistic insight into our observations can be provided by considering the
various photochemical and photophysical deactivation pathways available to the
singlet-state monomeric and excimeric pyrene species formed upon absorption of
light in the presence of ozone and oxygen. These deactivation pathways are displayed

schematically in Scheme 2-1.

First, singlet-state pyrene may form a charge-transfer complex with adsorbed ozone,
which may subsequently undergo reactive decay to yield an oxygenated pyrene radical
and molecular oxygen. This pathway, referred to in Scheme 2-1 and in the following
discussion as an A-type pathway, is expected to lead to photoenhanced pyrene loss:
indeed, we have previously invoked the existence of a charge-transfer complex
between solid pyrene films and adsorbed ozone to explain the observed light-induced
enhancement of the heterogeneous reaction rate for these two species.”j Of course,
singlet-state pyrene may also form a charge-transfer complex with adsorbed oxygen,
giving rise to pyrene ions in the absence of ozone. However, in the present
experiments, the photochemical loss rate of solid-film pyrene under a pure oxygen

atmosphere was insignificant over the time scale of the ozonation reaction.
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Scheme 2-1 Photophysical and photochemical deactivation pathways available to excited-
state pyrene molecules.

Singlet-state pyrene may also be deactivated via oxygen- assisted intersystem crossin

g Py Yy Yg A g
(with or without the production of excited singlet molecular oxygen, OZ<'A5,);‘N 192 the
resultant lower-energy triplet state may then be quenched by oxygen to yield ground-

52,

state pyrene with the concomitant production of O,('A,).”* Given that pyrene does

36, 54

not react efficiently with 02('Ag), this pathway, referred to in Scheme 2-1 and in the
following discussion as a B-type pathway, can be viewed purely as a photophysical

deactivation process.

The relative importance of A-type and B-type pathways-—and thus the propensity of
pyrene to undergo photoenhanced ozonation —depends strongly on the nature of the
reaction medium. In non-polar solvents such as octanol, A-type pathways are

insignificant: although there is some evidence for the formation of contact charge-
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transfer (CCT) complexes between pyrene and dissolved oxygen molecules in
cyclohexane solution, the value of the CCT quenching constant is two orders of

magnitude smaller than the dynamic, collision-based quenching constant.™

Our previous observations of order-of-magnitude enhancements in pyrene photolysis
rates in bulk aqueous solution over those observed in organic solution®® and our
present failure to observe a light-induced enhancement in the heterogeneous
ozonation of pyrene at the air-octanol interface both provide additional evidence for
the solvent dependence of these charge-transfer-type reactions. Persuasive evidence
for the predominance of B-type pathways in non-polar solvents has been provided by
a number of authors: the fraction of excited pyrene singlet states which yields triplet
states upon quenching by oxygen, for example, has been shown to be unity in

toluene” and cyclohexane.™

As shown in Table 2-1, the heterogeneous ozonation of solid-film pyrene displays a
modest enhancement wupon illumination. These results are consistent with
observations of A-type behaviour for solid-sorbed pyrene: pyrene is known to form
charge-transfer complexes upon adsorption to reactive sites on silica gel;m at higher
surface loadings on silica-alumina and y-alumina, pyrene radical cations react with

parent molecules to form monopositive dimeric radical cations.”

Solid-phase pyrene is also known to undergo charge-transfer processes with adsorbed
gaseous species: the formation of HONO upon reaction of an illuminated pyrene film
with NO,, for example, has been attributed to the photoreduction of NO, by excited-
state pyrene.22 Finally, pyrene photooxidation on surfaces is generally believed to

36,

proceed via an electron-transfer mechanism. .52 On silica gel, the pyrene radical

cation has been shown to be an intermediate of the photooxidation process."]

51,53,

A-type pathways are also common in polar solvents: a number of authors 763 have

attributed non-quantitative triplet yields for excited-state pyrene upon quenching by
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oxygen in polar solvents to the existence of charge-transfer interactions between
pyrene and oxygen that compete with oxygen-enhanced intersystem crossing; in some
cases, absorbance attributable to the pyrene cation has been observed.”” In addition,
pyrene photooxidation in aqueous solution is be- lieved to occur via a charge-transfer
process.“’“‘; Specifically, it is thought to occur either via the excitation of CCT pairs or
via electron transfer to oxygen from the excited singlet state of pyrene; in both cases,
the subsequent reaction of the resultant charge-transfer complex between the pyrene

cation radical and superoxide yields oxidized products.(’"

As shown in Table 2-1 and illustrated in Figure 2-3b, the pseudo-first-order rate

coefficient k,,,, for the heterogeneous ozonation of pyrene at the air-aqueous interface

obs
displays a modest enhancement upon illumination. Interestingly, this enhancement is
accompanied by a change in kinetic mechanism: as illustrated in Figure 2-3b, while

k

os displays a Langmuir Hinshelwood-type dependence upon gas-phase ozone
concentration under dark conditions, it increases linearly with gas-phase ozone
concentration upon illumination. We attribute this change in mechanism to an

increased favourability of A-type pathways at the highly polar air-aqueous interface.

The linear dependence of k,, upon gas-phase ozone concentration observed in the

obs
present experiments suggests that the charge-transfer reaction between pyrene and
ozone at the air-aqueous interface is sufficiently favourable to occur via a non-
adsorptive Eley Rideal-type mechanism, in which reaction occurs upon the collision
of a gas-phase ozone molecule with an adsorbed excited-state pyrene molecule.® At
the aqueous surface, the ozonide anion thus formed can react to form hydroxyl
radical, which can in turn react with adsorbed pyrene. The pyrene radical cation
formed as a result of the initial charge-transfer reaction would be expected to react

with water to form 1-hydroxypyrene and further oxidized products.“ Our proposed

mechanism can be summarized as follows:
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Pyr + hv > Pyr* (3)

Pyr* + Oy (ads) > oxidized products (4)
Pyr + O, (g) > Pyr + O, )
O, + H,0 > OH +0O,+ OH ()
OH + Pyr > oxidized products (7)
Pyr + H,0 > oxidized products (8)

If the electron-transfer/hydrolysis steps (reactions 5 and 6) are sufficiently fast, the
adsorbed concentration of ozone at the illuminated aqueous surface will be small.
Under these conditions, loss of pyrene at the interface may be dominated by reaction
with hydroxyl radical (reaction 7) rather than with adsorbed ozone (reaction 4). In this
manner, the Langmuir Hinshelwood mechanism observed in the dark, which would
involve reaction between co-adsorbed pyrene and ozone, would evolve into one in
which the ozone dependence reflects the delivery of gas-phase ozone to the surface,
where its reduction is very rapid. A similar mechanism has been proposed to explain
the photoenhanced reaction of chlorophyll with ozone at the salt-water surface, which

also shows a linear dependence on gas-phase ozone concentration.®

In summary, compelling evidence exists for the prevalence of charge-transfer
pathways —and thus the possibility for the photoenhanced loss of pyrene via the
formation of charge- transfer complexes with adsorbed ozone- for excited-state
pyrene at the air solid film interface. By contrast, the deactivation of excited-state
pyrene in non-polar environments is expected to proceed primarily via oxygen-
assisted intersystem crossing. Indeed, the results obtained in this study fit well within
this conceptual framework: we see a photoinduced enhancement of the heterogeneous
ozonation rate of solid-film pyrene but not of pyrene at the non-polar air-octanol film

interface. At the highly polar air-aqueous interface, our results suggest that a charge-
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transfer mechanism between gas-phase ozone and adsorbed pyrene is activated upon
illumination. We propose that the photoenhanced loss of pyrene at the air-aqueous
interface arises via the reaction of pyrene with photoproduced hydroxyl radical or via

the reaction of pyrene cation radical with water.

2.5 Conclusions

Under dark conditions, our results suggest that the heterogeneous reactivity of pyrene
toward ozone is influenced by a complex set of substrate substrate and substrate-
surface interactions. In the presence of light, the behaviour of pyrene at the surface of
the three reaction environments under study differs more dramatically: while the
heterogeneous ozonation of solid-film pyrene displays a light enhancement, the
ozonation of pyrene at the air-octanol film interface does not; moreover, the ozone-
induced loss of pyrene at the illuminated air-aqueous interface not only occurs more
quickly than in the dark but also displays a different dependence upon gas-phase

ozone concentration.

Our proposed mechanism of photoenhancement, which involves the transfer of
charge from pyrene to either gas-phase or adsorbed ozone and which thus would be
expected to be more favourable at the air-solid film and air-aqueous interfaces than at
the non-polar air-octanol film interface, fits well with these observations. In real
environments, however, reactive molecules of interest are not present at bulk
concentrations in a single solvent but rather are present as trace solutes in a complex
matrix, the other components of which may alter their photophysical and
photochemical properties. The work presented here on aqueous surfaces implies that
photoenhanced processes may well be important for PAHs dispersed at low
concentrations in aqueous environments. However, since real urban films have been
shown to contain large quantities of sulfates, nitrates, and metals, which serve to

increase the polarity of the medium and thus promote charge-transfer processes, and
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which may serve as photocatalysts themselves,” our failure to observe light-enhanced

ozonation at the air-octanol interface may not be environmentally significant.

In summary, the results obtained in this study suggest that a variety of heterogeneous
photoprocesses occurring in urban film proxies may depend strongly upon the type of
surface that 1s used to mimic the urban film environment, and further caution that the
use of proxies that only superficially resemble urban films may not necessarily give an

accurate picture of reactions occurring in the environment.
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Chapter 3

Photooxidation of atmospheric alcohols on
laboratory proxies for freshly emitted and

atmospherically processed mineral dust

Reprinted (adapted) with permission from Styler, S.A.; Donaldson, D.J.
“Photooxidation of Atmospheric Alcohols on Laboratory Proxies for Mineral Dust” in
FEnvironmental Science & Technology 2011, 45, 10004-10012. Copyright 2011 American
Chemical Society.

Contributions:

All experiments were conducted by Sarah A. Styler. The manuscript was written by
Sarah A. Styler, with critical comments from D. James Donaldson.
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3.1 Introduction

According to one recent estimate, 1600 Tg of mineral dust is released into the
atmosphere on an annual basis.! Once aloft, dust particles can influence climate
directly by absorbing and scattering incoming solar radiation and indirectly by
influencing the formation, optical properties, and atmospheric lifetime of clouds.’
Although dust events primarily originate in remote arid regions in North Africa, the
Middle East, and central Asia, dust particles may undergo efficient long-range
transport and thus have the potential to exert a strong influence upon air quality and

human health in populated areas.”

Dust particles present a large surface area for reactive processes, and much recent
evidence exists to suggest that they may influence the local and regional abundance of
trace gases in the troposphere.“'” To date, laboratory studies of the heterogeneous
reactivity of mineral dust have primarily focused on the uptake and transformation of
inorganic trace gas species, including O;, NO,, HNO,, NO;, N,O;, and SO,, on Si0O,,

_ . 4
ALO,, Fe,O, and other metal oxide surfaces.'""

Evidence for the particular
importance of nitrate processing on mineral dust surfaces has been provided by
laboratory studies, which have shown substantial uptake of HNO; by a variety of
mineral dust proxies,'z" P16 and by direct observations of nitrate coatings on ambient

mineral dust particles]7 and significant reductions in gas-phase nitric acid

concentrations in dust plumes."

Given that mineral dust contains a variety of semiconducting metal oxides, including
TiO, and Fe,0,,' " it may play a significant role in influencing the uptake and
photochemical transformation of trace gas species.zo In recent years, a number of
studies have investigated the photochemistry of inorganic gas-phase species on TiO,
particles, which have been used as proxies for the photoactive component of mineral

dust. These studies have shown that actinic illumination of TiO, surfaces containing
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adsorbed nitrate leads to the production of NO and NO,,*' that uptake of gas-phase
NO, on illuminated TiO, surfaces leads to the near-quantitative loss of NO, and the
production of HONO,* and that reactive uptake of ozone to TiO, films is enhanced in

the presence of light.23

Although a substantial body of literature exists regarding the TiO,-catalyzed
phototransformation of organic pollutants, work in this area has primarily focused on
the development of techniques to optimize the mineralization of organic pollutants in
wastewater and indoor air.*** In an attempt to address the current gap in knowledge
regarding the atmospheric significance of photooxidative reactions of organic species
adsorbed to mineral dust, the phototransformations of isopropanol, n-propanol, and
cyclohexene on the surface of TiO, and mixed TiO, SiO, films were investigated using
a novel photochemical Knudsen cell effusion reactor. Although isopropanol and
n-propanol are transparent in the actinic region,” their photooxidation products,
acetone and propionaldehyde, are not;®® this study sought to establish whether
photochemistry on mineral dust surfaces may play a role in changing the optical
properties of volatile organic compounds. Such changes could alter their atmospheric
oxidative pathways and therefore influence both their HO, formation efficiencies and
their propensity to participate in radical-initiated secondary organic aerosol (SOA)
formation reactions. Further experiments were performed to investigate the influence
of cosorbed nitrate on the organic photooxidation processes observed at the TiO,

surface.

3.2  Materials and methods

3.2.1 The photochemical Knudsen cell

Knudsen cells are low-pressure effusion reactors that have been used in the
atmospheric chemistry community to measure the uptake of gas-phase molecules by

surfaces of environmental interest, including that of organic species by mineral dust.””
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% The present experiments were performed using a novel photochemical Knudsen
cell, which is a modification of one previously used by our group to investigate the
nonreactive uptake of a variety of gas-phase organic species by squalene and oleic acid

films.*" A schematic of this apparatus is shown in Figure 3-1.
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Figure 3-1 Schematic drawing of the photochemical Knudsen cell

The reactor consists of a 730 em” stainless-steel T-shaped chamber, the bottom flange
of which has a 3.2 em diameter orifice. A quartz window in the center of this flange
creates a 4.8 em’ sample compartment and allows for the illumination of samples from
below. Pressures within the reactor are maintained using a turbopump, with baseline
pressures typically ranging from 3-5 x 10 Pa. Gas-phase species effuse out of the cell
through a 3 mm diameter exit orifice and are detected using a quadrupole mass
spectrometer (QMS) with 70 eV electron-impact ionization. Gas-phase reagents are
drawn from the vapor above an ice-cooled liquid reservoir and introduced to the

reactor through a length of flexible tubing connected to a 1/4” stainless-steel injector
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tube, which terminates at the entrance to the cell. Gas flow through the sample

introduction system is controlled using a variable leak valve.

An isolation flange (with a Viton O-ring) attached to a stainless-steel rod passing
through a compression fitting on the top of the reactor is used to cover the sample
compartment. When the flange is lowered, samples are shielded from gas-phase
reagents present in the cell. Because the volume of the sample compartment amounts
to < 1% of the chamber volume, raising or lowering the isolation cover does not

change the pressure within the reactor measurably.
3.2.2 Sample preparation

Unmodified dust samples were prepared by pipetting a slurry, made up of 10-50 mg of
Ti0, or TiO, SiO, in ~ 2 mL of deionized water, into a shallow Pyrex sample holder
(3.045 em diameter) and heating the sample holder overnight in a 433 K oven. No
further efforts were made to remove adsorbed water from the samples. Some dust
samples were prepared from slurries made using aqueous solutions of AgNO; or KNO,
(10 mM, 2 mL). In order to minimize thermal decomposition of AgNO‘;,‘32 samples
prepared using this solution were heated under milder conditions (1.5 h at ~ 373 K).

Samples prepared using KNO; solutions were treated in an identical manner.
3.2.3 Uptake experiments

Before each uptake experiment, the Pyrex sample holder containing the substrate of
interest was placed into the reactor on top of the quartz window (see Figure 3-1), and
the apparatus was evacuated until the background pressure within the Knudsen
reactor reached 3-5 x 10 Pa. At this point, back- ground levels of the m/z of interest
were measured using the QMS. Next, the isolation cover was lowered and gas-phase
isopropanol, n-propanol, or cyclohexene was introduced to the cell at total partial

pressures ranging from 0.09-0.2 Pa. When a stable pressure was achieved, the
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isolation cover was retracted to expose the mineral dust sample to the gas-phase
reagent. Uptake of the gas-phase species by the sample gave rise to a prompt decrease
in the QMS signal at the corresponding m/z, followed by a slower increase toward its
initial value. When the isolation cover was closed, the signal returned to its initial

value. This sequence is displayed in Figure 3-2.

open sample close sample
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Figure 3-2 Results of a typical uptake experiment performed under dark conditions. Each
experiment began by establishing a constant QMS signal at the m/z of interest (for isopropanol,
m/z 45). Then, the sample cover was retracted to expose the gas-phase species to the solid film.
Finally, the sample cover was closed and the QMS signal returned to its original level.

Experiments were performed under both dark and illuminated conditions.
[Mlumination of samples was accomplished using a 150 W xenon arc lamp (Oriel
Corporation), the output of which resembles the actinic radiation spectrum. The

illumination beam was directed through the quartz base of the sample holder flange
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and the Pyrex sample holder, with the latter also serving as a long-pass optical filter,
eliminating A < 310 nm. A water filter in the path of the beam was used to remove
infrared radiation. Although we did not measure the lamp intensity, chemical
actinometry experiments previously performed using this lamp suggest that the UV
visible illumination under our experimental conditions was at least an order of

magnitude smaller than the midday summer solar irradiance in Toronto.™
3.2.4 Chemicals

Titanium dioxide (anatase, > 99%, Sigma Aldrich), silicon dioxide (99.9%, Alfa Aesar),
potassium nitrate (ACS grade, ACP Chemicals), and silver nitrate were used as
received. Isopropanol (> 99.5%, ACS grade, Sigma Aldrich), n-propanol (ACP

Chemicals), and cyclohexene (99%, Sigma Aldrich) were subjected to multiple freeze -

pump-thaw cycles prior to use.

3.3  Results

3.3.1 System characterization: uptake of isopropanol by TiO, under dark

conditions

We characterized the Knudsen reactor by measuring the dark uptake of gas-phase
isopropanol by TiO, under a variety of experimental conditions. Exposure of the TiO,
sample to gas-phase isopropanol was accompanied by an immediate and substantial
reduction in the isopropanol signal (m/z 45) measured by the QMS. This reduction in
signal intensity was greatest when the sample cover was first raised and decreased
gradually with exposure time as available adsorptive sites at the TiO, surface became
saturated. The results of a typical experiment are shown in Figure 3-2. In these and all
subsequent experiments, initial loss of the signal intensity of the m/z of interest was

used to calculate an initial uptake coefficient for reaction at the TiO, surface.
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Figure 3-3 Apparent dark uptake coefficients for isopropanol onto TiO, films (film mass 20
mg) as a function of total cell pressure. Each data point represents the mean of 3 trials, with 1-o
error bars.

Generally, Knudsen cells are operated in the molecular-flow pressure regime, where
the mean free path of the molecule of interest exceeds the cell dimensions such that
gas-phase collisions are significantly outnumbered by gas surface collisions. In this
pressure regime, the change in effusion of a gas through the exit orifice of the Knudsen
cell upon exposure to a solid substrate is directly related to the probability of loss
from the gas phase upon a single collision with the substrate. The apparent initial

. . Qs
uptake coefficient for reaction vy,

_ Ap I -1 )
Yobs — A_s I (1)
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depends on A and A, the geometric areas of the escape aperture and sample holder,
respectively; I, the signal recorded by the QMS for the gas-phase species of interest
with the sample cover closed; and I, the signal recorded by the QMS immediately after

the sample cover is opened.

In order to determine the pressure range for our cell for which use of this equation
was appropriate, we performed uptake experiments for isopropanol on TiO, as a
function of total cell pressure. As shown in Figure 3-3, the apparent uptake coefficient
did not depend upon cell pressure for cell pressures below 0.13 Pa. At higher cell
pressures, however, a decrease in vy, with increasing cell pressure was observed.

These observations are consistent with those obtained in earlier work using this

apparatus.g‘v’ All experiments reported here were performed at a total cell pressure of ~

9 x 10 * Pa (background pressure ~ 3-5 x 10 * Pa).

Relating the observed uptake to environmentally relevant uptake coefficients requires
knowledge of the total surface area of sample accessed by gas-phase molecules over

the time scale of the uptake experiment (see Li ez al.*®

for a comprehensive discussion
of the complexities associated with the interpretation of apparent uptake coefficients
obtained using powdered samples). Use of the geometric surface area of the sample,
A,, assumes that the sample surface area equals that of the sample holder. However,

dust particles have high specific surface areas;”

moreover, gas-phase molecules may
diffuse into underlying sample layers. In both instances, uptake coefficients
determined using only the geometric surface area of the sample holder will be

significant overestimates.

In order to investigate the extent to which apparent uptake coefficients measured in

the present experiments were governed by diffusion into underlying sample layers, we
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Figure 3-4 Apparent dark uptake coefficients for isopropanol onto TiO, films as a function of
film mass. The dashed line is a linear fit to the data for film masses < 20 mg. Each data point
represents the mean of 3 or more trials, with 1-c error bars.

measured uptake coefficients for isopropanol as a function of TiO, mass. As illustrated
in Figure 3-4, the behavior of the apparent uptake coefficient as a function of sample
mass can be divided into two regimes. At higher sample masses, vy, increased only
slightly as a function of sample mass. This weak dependence upon sample mass,
which has been previously observed for the uptake of volatile organic compounds by a

29, 30

variety of metal oxide surfaces, implies that these sample masses were in the so-

called “plateau” regionf7 where the total sample amount was high enough that gas-
phase molecules could not access the entire sample over the time scale of the uptake
experiment, and so only its upper layers were important for uptake. At sample masses

below 20 mg, however, v, increased linearly with sample mass. This observation
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implies that, over the time scale of the uptake experiment, gas-phase isopropanol was
able to access the entire sample via diffusion and, therefore, that it may be appropriate
to scale our observed uptake coefficients by the Brunauer Emmett Teller (BET)
surface area of our sample ( ~ 50 m%g).* However, given that the uptake of gas-phase
organic species by mineral dust has been shown to vary with relative humidity, in part
as a result of competition between sorbing species and water vapor for available

. 38. 3¢
surface sites,™ ™

this approach may not be applicable for our samples, which are
expected to contain significant amounts of surface-sorbed water molecules. For this
reason, and because we are most interested in photoinduced changes in uptake, we

report apparent uptake coefficients alone. All experiments reported below were

performed using total film masses of 20 mg, which is in the linear regime of Figure 3-4.
3.3.2 Photochemistry of isopropanol and n-propanol on TiO,

In order to investigate the heterogeneous photooxidation of isopropanol, TiO, films
were exposed to gas-phase isopropanol under dark conditions until surface saturation,
here defined as the point when the isopropanol signal (m/z 45) returned to its original
(pre-exposure to the substrate) level. With gas-phase isopropanol still flowing through
the cell, the films were then subjected to the following course of illumination: 15 min
on; 5 min off; 10 min on; 5 min off. Representative results obtained in these

experiments are presented in Figure 3-5.

As shown in Figure 3-5a, illumination resulted in an immediate increase in the QMS
signal associated with m/z 43 and a concomitant decrease in the signal associated with
m/z 45. Given that m/z 45 is characteristic only of isopropanol while m/z 43 is present

. . . . . A
in the El ionization spectrum of both isopropanol and acetone,”

these results suggest

. . . . . e 4
that illumination led to the conversion of isopropanol to acetone on the TiO, surface.”
The changes in the signal intensities at the two masses were quite similar, which

suggests that the conversion of isopropanol to acetone occurred with near-unit

efficiency.

107



=

7.2e-7
7.06-7 - light light

6.8e-7 4
6.6e-7 A
6.4e-7 m/z 45

N
N

6.2e-7 / /
2.0e-7 f/ A
1.8e-7
1.6e-7 -
1.4e-7 1 J\\NW
1.2e-7 1 miz 43

1 -oe-7 ] ) ] T T T ] 1
0 250 500 750 1000 1250 1500 1750

QMS signal intensity / arbitrary units

Time / seconds

—

b)

8.6e-7
8.4e-7 A
8.2e-7

8.0e-7 -
7.8e-7 1 m/z 31

light light

7.6e-7 ) y

/]
1.8e-7 A
1.6e-7 A
1.4e-7

1.2e-7 A
1.0e-7 - m/z 29

QMS signal intensity / arbitrary units

T T T T T T T T

0 250 500 750 1000 1250 1500 1750 2000

Time / seconds

Figure 3-5 Representative QMS trace for conversion of (a) isopropanol (m/z 45) to acetone
(m/z 43) and (b) n-propanol (m/z 31) to propionaldehyde (m/z 29) at the illuminated TiO,
surface (film mass 20 mg). In both plots, time = 0 indicates when the sample was first illuminated.
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Figure 3-5a further shows that acetone production ceased immediately at the end of
the first illumination cycle; at the same time, the gas-phase isopropanol signal
gradually increased to its pre-illumination value. Interestingly, while the production of
acetone resumed immediately when the second illumination cycle commenced, the
loss of gas-phase isopropanol was less apparent. We tentatively attribute this
observation to the “poisoning” of TiO, adsorptive sites, presumably as a result of
accumulation of acetone and/or its less volatile aldol condensation product, mesityl

. . YOWAA
oxide, on the TiO, surface."**

In order to verify that the observed photooxidation reaction was not specific to
secondary alcohols, we performed an identical set of experiments using TiO, films
saturated with n-propanol. As shown in Figure 3-5b, illumination led to an increase in
a QMS signal associated with propionaldehyde (m/z 29) and a concurrent decrease in
the QMS signal associated with n-propanol (m/z 31). Again, these observations suggest
that illumination of the n-propanol-saturated TiO, surface promoted the
heterogeneous photooxidation of n-propanol to propionaldehyde™ with near-unit
efficiency. Figure 3-5b also shows that the initial photoenhanced uptake of n-propanol
was not maintained over long time-scales. This observation provides further evidence
that the TiO, surface was gradually deactivated as a result of accumulation of

oxidation products.
3.3.3 Isopropanol photooxidation on TiO, is enhanced by co-sorbed nitrate

In order to investigate the influence of co-sorbed nitrate on the photooxidation of
isopropanol, the same experiments were performed using TiO, films prepared from
KNO;- or AgNOs-containing slurries. As shown in Figure 3-6, both isopropanol
uptake and acetone production were significantly enhanced in the presence of AgNO,
or KNO; relative to their respective values using unmodified TiO, films. The
enhancement in acetone production effected by AgNO; was greater than that effected

by KNO,. The loss of isopropanol mass intensity was closely matched by the increase

109



in acetone signal, which is again consistent with very efficient conversion of the
alcohol to the ketone. Finally, as illustrated in Figure 3-6, illumination of the KNO;-
doped films in the presence of isopropanol also led to the production of gas-phase NO
(m/z 30). However, no such NO production was observed for illuminated AgNO;-

doped films in the presence of isopropanol.
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Figure 3-6 Representative QMS trace for conversion of isopropanol (m/z 45) to acetone
(m/z 43) at the illuminated TiO, surface (film mass 20 mg) in the presence of cosorbed nitrate
ion. The red trace represents reaction in the presence of cosorbed KNOs, while the blue trace
represents reaction in the presence of cosorbed AgNOs. For comparison, the black trace
reproduces results shown in Figure 3-5 for an unmodified TiO, film. The dotted red trace
represents production of NO (m/z 30) by the KNOs-doped film in the presence of gas-phase
isopropanol. In both plots, time = 0 indicates when the sample was first illuminated.

Evidence for the source(s) of this enhancement was provided by a set of experiments

using a variety of optical filters. When a 320 nm long-pass filter was used, which
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should suppress direct photolysis of nitrate at the TiO, surface,” the enhancement
persisted. However, when the sample was illuminated only with radiation with
wavelengths longer than the TiO, absorption threshold (384 nm*), all photochemistry
ceased. Together, these observations imply that the observed photochemistry was
mediated by TiO, and that its enhancement in the presence of nitrate did not arise

from the production of OI at the TiO, surface via direct nitrate photolysis.
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Figure 3-7 Maximum acetone production at the surface of AgNOs-doped mixed SiO,-TiO,
samples as a function of TiO; film content. The total mass of all samples was 20 mg.

The elemental abundance of Ti in Saharan mineral dust samples varies with the

geochemistry of the source region: typical values range from less than one to several

18,19, 47,

48 . . . .
percent by mass. ® In order to mimic the environment presented by real mineral
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dust, which is primarily composed of SiO, ( ~60%)," we performed a set of experiments
using AgNOj-doped mixed SiO, TiO, samples. The results of these experiments,
which are shown in Figure 3-7, show that the production of acetone from these films
increased monotonically with increasing TiO, film content for films prepared with
< 25 wt % TiO,. These observations provide additional evidence that the reaction was
mediated by TiO,. For films prepared with > 25 wt % TiO,, however, the production
of acetone no longer increased with increasing TiO, content. We attribute this high-
Ti0, plateau to the use of films with thicknesses greater than the optical penetration
depth of our illumination source: assuming a TiO, density of 3.85 g em™ and a 380-nm
absorption coefficient of ~104 em™, ™ a 20 mg film prepared with 25 wt % TiO,, which
corresponds to a film thickness of ~1.8 um, would be expected to absorb ~98% of

incoming radiation at this wavelength and virtually all of that at shorter wavelengths.
3.3.4 Cyclohexene reactivity at the illuminated TiO, surface

Motivated by our observations of nitrate-enhanced photooxidation of isopropanol, we
also performed a set of experiments to probe the possible oxidation of cyclohexene, a
representative alkene, at the illuminated TiO, surface. In these experiments, TiO,
films prepared from KNO;-containing slurries were exposed to gas-phase cyclohexene
under dark conditions. Then, with gas-phase cyclohexene still present, the films were

illuminated. Representative results from these experiments are presented in Figure 3-8.

No change in the cyclohexene signal (m/z 67) was observed upon exposure to the
KNOj;-doped TiO, surface in the dark. In addition, no change in cyclohexene signal
was observed upon exposure to unmodified TiO, films under light or dark conditions.
However, as illustrated in Figure 3-8, we did observe a small uptake of cyclohexene by
illuminated KNO;-doped TiO, films. These observations suggest that a loss process for
gas-phase cyclohexene was activated upon illumination of the KNO;- doped TiO,

surface. By contrast, in control experiments using KNO;-doped Si0, films under both
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dark and illuminated conditions, we saw no cyclohexene uptake. We conclude that the
photoinduced cyclohexene loss observed at the KNO;-doped TiO, surface did not
arise from the reaction of cyclohexene with hydroxyl radical produced either via TiO,
surface photochemistry or via direct nitrate anion photolysis. Interestingly, no

production of NO was observed in these experiments.
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Figure 3-8 Representative QMS trace showing variation in gas-phase cyclohexene QMS signal
(m/z 67) upon exposure to KNOs-doped TiO; films (film mass 20 mg) under dark and illuminated
conditions. Time = 0 indicates when the sample was first illuminated.

3.4  Discussion

The experiments described above show that isopropanol and n-propanol are

efficiently transformed into acetone and propionaldehyde, respectively, on illuminated
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Ti0O, dust. This photooxidation is substantially enhanced in the presence of nitrate
anion. These observations are atmospherically significant because they demonstrate
that actinically transparent compounds, such as alcohols, may be oxidized to
tropospherically photoactive compounds via uptake to mineral dust surfaces, thereby
changing the production rate and distribution of organic radical species in the

atmosphere."”

In order to draw a connection between our experimental conditions (i.e., low
pressure, oxygen-free) and conditions in the real atmosphere, we first consider the
expected mechanism for acetone production from isopropanol adsorbed on TiO,

surfaces under ambient conditions:*"**

TiO, + Av (K> 3.2eV) > h'y, +e. 2)
=TiOH + h'y, > =TiOH-}" (3)
h, +ey > heat (4)
TIOH} + e, > =>TiOH )
O, +e, > 0, ()
h',, + (CH,),CHOH >> (CH;),CO (7)
{+TiOH-}" + (CH,),CHOH ->-> (CH,),CO (8)
O, + (CH;),CHOH >> (CH,),CO 9)

As shown in eq 2, TiO, produces electron hole pairs upon illumination. The
photoproduced holes, which are strong one- electron oxidizing agents, have the
potential to react directly with adsorbed isopropanol and/or to react with the hydrated

TiO, surface (>TiOH) to yield surface-sorbed hydroxyl radical, which can
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subsequently react with adsorbed isopropanol via hydrogen abstraction (see ref 52 for
a comprehensive discussion of the mechanisms of heterogeneous photocatalysis on
Ti0,). As shown in eqs 4 and 5, the availability of holes for oxidative surface processes
is limited by charge-carrier recombination. Under real atmospheric conditions, this
recombination is reduced by trapping of photoproduced electrons by adsorbed
oxygen molecules (eq 6). However, in the absence of oxygen, as in the present
experiments, this electron-trapping pathway is not available. As we will outline in the
following paragraphs, both silver ion and nitrate anion can serve this purpose in the

Knudsen cell.

As illustrated in Figure 4, a substantial enhancement in isopropanol uptake and
acetone production was observed in the presence of both KNO, and AgNO;. We
attribute this result in part to the electron-trapping effect of nitrate anion, which
would act to limit charge-carrier recombination at the TiO, surface and thus increase

.93

the availability of holes for oxidative processing of adsorbed isopropanol
NO; +4H" + 3e , > NO + 2H,0 (E“ =0.957 V) (10)

Our observation of substantial gas-phase NO production from KNO;-doped TiO, in
the presence of isopropanol provides support for this mechanism. In addition, the
Ti0,-catalyzed photoreduction of nitrate in aqueous solution has previously been
observed in the presence of oxalic acid® or Z-propanol“ as hole scavengers; under

these conditions, however, the primary product was ammonia.

As shown in Figure 4, films prepared with AgNO; produced more acetone than films
prepared with KNO;. We attribute this enhancement in acetone production to

53,56

compelitive electron trapping by silver ion:

Ag + e, > Ag (E"=0.80 V) (11)



The lack of gas-phase NO observed under these conditions provides support for this
reaction competing favorably with that shown in eq 10 under our experimental
conditions. This enhancement of TiO, photochemistry echoes previous observations

57,58

of enhanced Ti0O, catalytic efficiency in the presence of cosorbed silver species.

In summary, these results imply that the alcohol photooxidation results obtained
within our cell are likely lower estimates for the efficiency of these processes in the
real atmosphere, where ample oxygen is available to reduce charge-carrier
recombination at the TiO, surface. Indeed, a number of studies have found that the
Ti0,-catalyzed photooxidation of isopropanol is reduced in the absence of gas-phase

49 4
oxygen. 12,43

The results of previous investigations of the photochemistry of nitrate on TiO,

59

surfaces®" * suggest a further possibility: that the enhanced production of acetone
observed upon illumination of the nitrate-doped TiO, film may have arisen in part by

the direct reaction of adsorbed isopropanol with oxidatively produced nitrate

radical:*" %

TiO, + Av (K> 3.2eV) > h'y, +e. 2)
NO; +h'y, > NO, (E" =230 V) (12)
NO; + (CH,),CHOH > (CH5),COH- + HNO, (13)
NO; + (CH,),COH- > (CH5),CO + HNO; (14)

In the gas phase, the reaction of isopropanol with nitrate radical proceeds via
hydrogen abstraction with a rate coefficient of 1.4 x 10" em® molecule! s.% The
reaction of nitrate radical with the alkyl radical thus produced has been estimated to
proceed with a rate coefficient of 5 x 10" em® molecule™ s.% Given that reactions on

31

surfaces often proceed more quickly than their gas-phase counterparts,” these rate
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constants likely represent lower limits to those appropriate for the dust surface.

Under our experimental conditions (i.e., in the absence of surface-sorbed oxygen), it is
difficult to distinguish between these two potential nitrate enhancement pathways.
However, our observations using cyclohexene as the gas-phase reagent provide some
experimental evidence for the existence of reactive nitrate radical. In these
experiments, whose results are illustrated in Figure 6, we observed a small uptake of
cyclohexene to the illuminated surface of TiO, prepared from slurries containing
KNOj; but no uptake, either in the dark or under illumination, to unmodified TiO,
films. Experiments performed using KNO,-doped SiO, films provided evidence that
this nitrate-induced enhancement did not arise via reaction of cyclohexene with
surface-sorbed hydroxyl radical produced by direct nitrate photolysis. Further, if the
nitrate-mediated uptake of cyclohexene had arisen via electron capture by nitrate and
subsequent enhanced availability of holes for oxidative processing, as was the case for
isopropanol, we would have expected to see a relationship between cyclohexene
consumption and NO production. However, we did not observe any gas-phase NO

during these experiments.

Given these considerations, we propose that the uptake of cyclohexene by the
illuminated KNO;-doped TiO, film was mediated by photoproduced nitrate radical,
with which cyclohexene is known to react rapidly: in the gas phase, the reaction rate
coefficient is (6.3 + 1.3) x 10" em® molecule” s, which is 450 times greater than that
for the reaction of nitrate radical with isopropanol.” Further support for this reactive
pathway is afforded by a set of experiments investigating the photochemistry of TiO,
films prepared from KNO, or AgNO;-containing aqueous slurries in the absence of

gas-phase isopropanol. These results are presented in the Appendix.

In summary, the results presented above suggest that mineral dust aerosol has the
potential to catalyze the oxidative conversion of non-absorbing organic species to

those that are photochemically active in the actinic region and thus act as a source of
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radicals for further gas-phase and/or heterogeneous chemistry. The enhancement in
alcohol photooxidation effected by cosorbed silver ion and nitrate anion implies that
the present results represent a lower estimate for the atmospheric efficiency of
TiO,-induced photooxidation. In addition, our observation of enhanced photochemistry
on Ti0, films containing cosorbed nitrate anion suggests that such chemistry may be
amplified on atmospherically processed dust particles, which often contain nitrate as a
major constituent.'” % Finally, our results provide a first indication that surface nitrate
radical produced via mineral dust-catalyzed photooxidation of nitrate anion may be
important not only as a photolytic source of gas-phase reactive nitrogenz' but also as a

reagent for surficial processing of adsorbed organics.
3.5  Supporting information

We suggest in the main text that in the absence of a suitable hole scavenger (ie.
isopropanol), nitrate anion may undergo photooxidative chemistry at the TiO, surface.

Here, we provide additional evidence for this photooxidative pathway.

As illustrated in Figure S-1, the illumination of AgNO;-doped TiO, films in the
absence of gas-phase isopropanol led to the formation of gas-phase NO and smaller
quantities of NO, and HONO. The illumination of KNO;-doped films, however, led
exclusively to the production of significantly smaller quantities of NO. Insight into this
difference is provided by examining the proposed mechanism for photoxidation of

nitrate on the TiO, surface (adapted from Ndour ez al”’):

TiO, « hv (E=32eV) > hy +e ., (S1)

NO, + h',, > NO,; (52)

NOy + hv > NO + 0, (S3a)
> NO, + O (S3b)
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NO, + e, > NO, (S4)

NO, + Ahv > NO + O (S5)
NO, + H' > HONO (S6)
HONO + Av > NO + OH (S7)

As shown in this series of reactions, the illumination of nitrate-doped TiO, films is
believed” * to lead to the oxidative production of nitrate radical, which can
subsequently photolyze to yield NO, and NO. The NO, thus produced can undergo
one-electron reduction by photoproduced electrons to yield NO,, which can
subsequently photolyze to yield further NO or interact with adsorbed protons to yield
gas-phase HONO. In the absence of oxygen, as was the case in the present
experiments, the NO, produced via eq S3b would be expected to be rapidly reduced
by photoproduced electrons, and thus would not be expected to be emitted to the gas
phase. Indeed, as described above, we observed production of NO alone from TiO,

films prepared using KNO,.

In the case of AgNO,, however, we observed production not only of NO but also of
smaller quantities of NO, and HONO. In addition, the production of NO was
significantly higher than that observed for KNO;-doped films. We suggest that both of
these observations can be explained by competitive electron trapping by silver ion,”
which allowed for some escape of NO, to the gas phase prior to its reduction via eq S4

and simultaneously enhanced the availability of holes for nitrate oxidation:

Ag + e, > Ag (58
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Figure S-1 Representative QMS traces for production of gas-phase NO, (m/z 46; red trace),
NO (m/z 30; black trace), and HONO (m/z 47; blue trace) upon illumination of AgNOs-doped
TiO, films (film mass 20 mg).

In summary, these experiments provide support for the existence of an oxidative
pathway for phototransformation of nitrate on the TiO, surface in the absence of

strongly-sorbed hole scavengers such as isopropanol.

In the main text, we describe a set of experiments performed using cyclohexene as the
gas-phase probe molecule. In these experiments, we observed no uptake of cyclohexene
by an unmodified TiO, film, even if the film was illuminated. This observation implies
that cyclohexene did not interact with the TiO, film and, unlike isopropanol, was not
available for the scavenging of photoproduced holes. In the presence of co-sorbed
KNO;, however, a small uptake of cyclohexene was observed. We suggest that this
uptake arose as a result of the reaction of cyclohexene with nitrate radical produced

via the photooxidation process outlined in the above mechanism.
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Chapter 4

Heterogeneous photochemistry of oxalic acid on

Mauritanian sand and Icelandic volcanic ash

Reprinted (adapted) with permission from Styler, S.A.; Donaldson, D.J.
“Heterogeneous photochemistry of oxalic acid on Mauritanian sand and Icelandic
voleanic ash”™ in Enoironmental Science & Technology 2012, 46, 8756-8763. Copyright
2012 American Chemical Society.
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4.1  Introduction

Terrestrial volcanism and Aeolian processes emit teragram quantities of solid oxide
aerosol into the atmosphere on an annual basis." * Although these particles are
emitted locally, their smallest size fractions undergo efficient long-range transport,
and thus can be distributed widely: Saharan dust, for example, has been detected in
the southeastern United States’ and volcanic ash from the 2010 eruption of

Eyjafjallajokull in Iceland was detected over 25 European countries.”

During transport, mineral dust mixes with industrial, urban, and biogenic pollutant
plumes; in some cases, dust can serve as a vector for the long-range transport of
anthropogenic emissions.” " Dust—pollutant interactions can have a profound effect
on dust composition, even close to source regions: in one recent study, for example,
mineral dust particles in M’Bour, Senegal, were shown to possess an amorphous
carbonaceous coating.'" In addition, chemical analysis of advected Saharan dust has
shown it to contain a wide variety of semi-volatile organic compounds, including
pesticides, polycyclic aromatic hydrocarbons (PAH), and organic acids.” The
interaction of gas-phase organic species with mineral dust and its individual
components, including Al,O;, Fe,O,, Si0,, and Ti0,, has also been explored in the
laboratOI'y.”'z(’ Together, the results obtained in these field and laboratory studies
suggest that the mineral dust surface has the potential to play a significant role in the

}letCI‘OgGIIGOUS pI’OCCSSiIIg of gas-phase organic species.

Despite the fact that mineral and volcanic aerosols contain a variety of photoactive metal
oxides,”"* little attention has been paid to the photochemistry that may occur on these
chemically complex surfaces. To date, studies of dust photochemistry have largely

focused on the photochemical reactions of adsorbed inorganic species, including

22 94 . . . 29 95 96 . 927.99 .
ozone, > % nitrogen dioxide,” » % and nitrate.” > By contrast, few studies have

15, 34-36

investigated the mineral dust-catalyzed photochemistry of adsorbed organic species.
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In both urban and remote environments, oxalic acid is typically the most

atmospherically abundant aerosol-phase dicarboxylic acid.”™ Its atmospheric sources
. . . . . . Vi . 4 . .

include direct emission from biomass burning” and transportation®' and indirect

ormation via the gas- and aqueous-phase oxidation of a variety of precursor species

f t th 1 I dat f ty of I ,

. . AV 44 . A5 4G . . .
includin oxa and isoprene. xalic aci 10tolyzes only slowly in the gas
lud lyoxal ™ and isoj 596 Oxal d photoly ly slowly in the g

phase, and its gas-phase reactivity with OH is low.” It is, therefore, expected to be
. . .« . 45 . . .

removed from the troposphere primarily by wet deposition,”™ with lesser contributions
d fi the tropospl ly by wet deposition,” with | tribut

. . B . 47 . 4 4

from its atmospheric aqueous-phase photolysis, both direct” and iron-catalyzed," *
. . . . K . VA= . .

and its reaction with dissolved ozone” and hydroxyl radical.” In arid regions,

therefore, its atmospheric residence time might be expected to be lengthy and

perhaps modified by the existence of additional, aerosol-phase, loss processes.

A recent spectroscopic investigation of aerosol composition in Tsukuba, Japan
showed that 20-80% of aerosol-phase oxalate was present as Ca and Zn oxalate
complexesf»" Given that oxalic acid will also form complexes with iron and other metal
ions present in atmospheric aerosols, these observations suggest that metal-catalyzed
photochemistry may be an unrecognized loss pathway for aerosol-phase oxalic acid.
Indeed, in a study performed as part of the ACE-Asia campaign, Sullivan and
Prather™ found that Gobi and Taklimakan desert dust-associated oxalic acid
concentrations exhibited a strong nighttime maximum. Those authors speculated that
this maximum did not imply the existence of a significant daytime photochemical loss
pathway for this species but rather reflected the nighttime arrival of photochemically
processed dust that was rich in oxalic acid. To our knowledge, the diurnal variability
in concentrations of dicarboxylic acids associated with Saharan or Australian dust,
both of which are richer in iron than Gobi desert dust” and thus would be expected

to be more photochemically active, has not received study.

In an attempt to assess the importance of metal-catalyzed photochemical processing of

aerosol-phase dicarboxylic acids, the heterogeneous photochemistry of oxalic acid was
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investigated at the surface of authentic Mauritanian sand and volcanic ash from the
eruption of the Icelandic volcano Eyjafjallajokull using our previously developed

photochemical Knudsen cell.”
4.2  Materials and methods

4.2.1 Experimental apparatus

Experiments were performed in a custom-built photochemical Knudsen cell, which
we have previously used to investigate the photooxidation of isopropanol on TiO, and
TiO,~KNO; films."” In brief, the reactor consists of a 730 em’ stainless-steel T-shaped
chamber, the bottom flange of which is modified to act as a sample compartment (3.1
cm diameter). A quartz inset in the bottom of this compartment allows for the
illumination of samples. Pressures within the reactor are maintained at a baseline
range of 3-5 x 10 % Pa using a turbopump. Gas-phase reaction products effuse out of
the reactor through a 3 mm diameter exit orifice and are detected using a quadrupole
mass spectrometer (QMS) with 70 eV electron-impact ionization. Illumination of
samples was accomplished using the output beam of a 150 W xenon arc lamp, which
was directed through the quartz window of the sample compartment to illuminate
samples from below. A 10 em water filter was used to reduce the infrared component

of the illumination beam. The resultant spectral profile is presented in Figure 4-1.
4.2.2 Experimental procedure

Experimental samples were prepared as internal mixtures by suspending 10-50 mg of
Fe,0;, Mauritanian sand, or Icelandic volcanic ash in 2 mL of 5-10 mM aqueous
oxalic acid. The resultant slurry was transferred via pipet to a shallow 3 em diameter
Pyrex sample holder, which was subsequently heated for 1.5 h in a 373 K oven to yield

a film of relatively uniform thickness. No further efforts were made to remove
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Figure 4-1 Spectral profile of the 120 W Xe arc lamp used for irradiation after its passage
through a water filter to remove the bulk of infrared radiation.

adsorbed water from the samples. Before each experiment commenced, the sample
holder containing the substrate of interest was placed into the reaction chamber, and
the apparatus was evacuated for ~1h until a constant background pressure of ~3 x 102
Pa was reached. At this point, background levels of m/z 44 (CO,) were measured using
the QMS. At that time, the sample film was illuminated for time periods ranging from
20-60 min. In some cases, optical long-pass filters were used to restrict the
wavelengths of illumination (the transmission spectra of these filters are presented in
Figure 4-2). In order to fully capture the desorption of volatile photoproducts, QMS
data were recorded not only during the illumination period but also for 15 min after

its cessation. A set of experiments was also performed to measure the quantity of
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Figure 4-2 Transmission spectra of the long-pass optical filters used to obtain the results in
Figure 4-5. The 10% transmission wavelength of each filter is the wavelength used on the x-axis
of the action spectrum in Figure 4-5.

oxalic acid remaining at the surface of Mauritanian sand films as a function of
illumination time. In these experiments, the sample holders were removed from the
Knudsen reactor after illumination and immersed in 20 mlL of deionized water. A
Pasteur pipet was used to mechanically agitate the sand film and disperse it within the
extraction volume. The resultant suspensions were centrifuged, diluted by a factor of
250, filtered through a 0.2 pm PTFE membrane (Acrodise, VWR International), and

analyzed using ion chromatography.
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4.2.3 Ion chromatography

Ion chromatographic analysis was accomplished using a Dionex 1CS-2000 system,
which was operated with reagent-free KOIH eluent and suppressed conductivity
detection. Oxalate was separated using the gradient elution method of VandenBoer et
al.> on an AS19 hydroxide-selective anion exchange column fitted with a trace anion
concentrator column (TAC-ULP1), guard column, and ASRS 300 conductivity
suppressor. Samples were quantified using external calibration curves created from a

stock solution of oxalic acid (I mg/mL, Sigma Aldrich).
4.2.4 Chemicals

Oxalic acid (ACS grade, Fisher Scientific), Fe,0; (299%, Sigma Aldrich), Si0, (99.9%,
Alfa Aesar), and TiO, (anatase, >99%, Sigma Aldrich) were used as received. The
Mauritanian sand used in the present experiments, which has previously been shown
to catalyze the photochemical reduction of gas-phase NO,,”* was generously donated
by Dr. Christian George. The Icelandic volcanic ash sample was obtained from a
Reykjavik tourist shop following the 2010 Eyjafjallajokull eruption. Both authentic

samples were finely ground in a mortar and pestle prior to use.

4.3  Results

4.3.1 Sample characterization

The bulk compositions of the Mauritanian sand and Icelandic volcanic ash samples
were determined using wavelength-dispersive X-ray fluorescence spectrometry in the

analytical laboratories of the Department of Geology, University of Toronto.

As shown in Table 4-1, the Mauritanian sand is primarily composed of quartz (94 wt %
Si0,), with smaller quantities of aluminum (1.4 wt %), iron (0.2 wt %), and titanium

(0.1 wt%). Its orange-red coloration is likely due to a thin surficial layer of iron oxide,
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Icelandic Voleanie Ash Mauritanian Sand

Mass % Element % Mass % Element %
Si0, 58.66 27.42 94.116 43.99
ALO, 14.25 7.54 2.571 1.36
FeO / Fe,O, 8.75 6.80 0.335 0.23
CaO 4.73 3.38 0.041 0.03
Na,O 4.69 3.48 0.055 0.04
MgO 2.68 1.61 0.135 0.08
K,0O 1.97 1.64 0.181 0.15
Ti0, 1.66 0.99 0.219 0.13
P,0; 0.42 0.18 0.022 0.01
SO, 0.22 0.09 -- --
MnO 0.19 0.15
Cl 0.16 0.16

Trace elements (ppm)

Ba 450

Br 10

Cu 40

Ga 20 --
Ni 80 80

Nb 60 --

Rb 50 10
Sr 300 10
Y 70

/n 170 --
Zr 550 340

Table 4-1 Elemental composition of the Icelandic volcanic ash and Mauritanian sand samples,
as determined using wavelength-dispersive X-ray fluorescence spectrometry.
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perhaps present in association with clay minerals.” These analytical results agree
reasonably well with those of Ndour et al.,” who previously estimated the iron (1 wt %)
and titanium (1 wt %) content of this sand using inductively coupled plasma optical

emission spectrometry (ICP-OES).

The elemental composition of Eyjafjallajokull volcanic ash is significantly more
complex: this substrate contains substantial quantities of iron (6.8 wt %) and titanium
(1 wt %), both of which would be expected to promote photochemistry at the ash
surface, and a variety of trace metal species. These results agree well with those of ref

21, which previously reported the bulk composition of this substrate measured using

ICP-OES.

4.3.2 Photochemical production of CO, from oxalic acid at the surface of

Mauritanian sand and Icelandic volcanic ash

As shown in Figures 4-3 and 4-4, the illumination of films prepared from suspensions
of Mauritanian sand or Icelandic voleanic ash in deionized water without added oxalic
acid resulted in an immediate increase in the QMS signal associated with gas-phase
CO, (m/z 44). When illumination ceased, the CO, signal rapidly returned to its initial
value. These observations clearly imply that the CO, production by these films was

photochemical in nature.

In the presence of surface-sorbed oxalic acid, the production of gas-phase CO, by
these films was enhanced by more than an order of magnitude. The direct photolysis
of oxalic acid did not play a substantial role in this enhancement: as illustrated in
Figure 4-3, the production of gas-phase CO, from oxalic acid at the surface of a Si0O,
film was relatively insignificant and was comparable to that produced by the
Mauritanian sand film in the absence of oxalic acid. Together, these results show that
while both Mauritanian sand and lcelandic volcanic ash catalyzed the heterogeneous

photooxidation of oxalic acid and the resultant production of gas-phase CO,, Si0, did not.
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Figure 4-3 Representative QMS traces for production of gas-phase CO, (m/z 44) from oxalic
acid at the surface of Mauritanian sand (5 mM oxalic acid; 50 mg sand; blue trace) and SiO, (10
mM oxalic acid; 20 mg SiO,; red trace). For comparison, the black trace represents production
of CO, by the Mauritanian sand film (50 mg) in the absence of oxalic acid. Time = 0 indicates
when the samples were first illuminated.

In order to gain insight into the mechanism(s) of the observed catalysis, action spectra
were obtained for gas-phase CO, production—integrated over a 20-min illumination
period and subsequent 15-min falloff period —as a function of illumination
wavelength. For purposes of comparison, these experiments were also performed for
oxalic acid at the surface of Fe,O; films. As shown in Figure 4-5, the wavelength
dependence of CO, production at the surface of all three sample types displays a
qualitative resemblance to the aqueous-phase absorption spectrum of iron(Ill)
oxalate,™ which suggests that iron-mediated photochemistry may have contributed to

the observed results.
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Figure 4-4 Representative QMS trace for production of gas-phase CO, (m/z 44) from oxalic
acid at the surface of Icelandic volcanic ash (5 mM oxalic acid; 50 mg ash; blue trace). For
comparison, the black trace represents production of CO, by the Icelandic ash film (50 mg) in
the absence of oxalic acid. Time = 0 indicates when the samples were first illuminated.

The experiments described thus far were all performed under low-pressure, oxygen-
free conditions. In order to assess the relevance of our results under conditions more
reflective of the ambient environment, the photochemistry of oxalic acid at the surface
of Mauritanian sand, Icelandic volcanic ash, and Fe,O; was also investigated in the
presence of ~0.7 Pa oxygen. As illustrated in Figure 4-6a, the presence of oxygen
suppressed CO, production at the Fe,O; surface. At the surface of Icelandic ash, by
contrast, Figure 4-6b shows that the presence of oxygen had no apparent effect on the

quantity of CO, produced. At the surface of Mauritanian sand, CO, production was
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Figure 4-5 Action spectra for gas-phase CO, production from oxalic acid at the surface of
Mauritanian sand (5 mM oxalic acid; 50 mg sand; blue circles), Icelandic volcanic ash (5 mM
oxalic acid; 50 mg ash; red circles), and Fe,0s (10 mM oxalic acid; 10 mg Fe,0s; black circles).
Each point is the mean of three or more trials. The black trace represents the agueous-phase
absorption spectrum of iron(lll) oxalate and is taken from ref 48. Wavelengths are reported as
the 10% transmission wavelength of the long-pass optical filter used. The filter transmission
spectra are displayed in Figure 4-2.

substantially enhanced in the presence of oxygen (Figure 4-6¢). In control experiments
performed using Mauritanian sand samples prepared from slurries in deionized water
without added oxalic acid, however, this oxygen-induced enhancement in CO,

production was not observed.

As shown in Table 4-1, the Mauritanian sand and Icelandic ash samples contain
0.2 wt % and 1.7 wt % TiO,, respectively. In order to assess the contribution of Ti-
mediated photochemistry to the observed results, the production of gas-phase CO,

from oxalic acid was investigated at the surface of TiO, films in the presence and the

137



absence of gas-phase oxygen. As illustrated in Figure 4-6d, the production of CO,

from these films was substantially enhanced in the presence of oxygen.
4.3.3 Photochemical loss of oxalic acid at the surface of Mauritanian sand

In an attempt to explore the photochemical oxidation of oxalic acid from the surface
perspective, oxalic acid was extracted from illuminated Mauritanian sand films and
quantified as oxalate anion using ion chromatography. The results of these
experiments are displayed in Figure 4-7, where the quantity of oxalic acid remaining
in the film (normalized to the quantity of oxalic acid remaining in a set of
nonilluminated films prepared in an identical manner and subjected to vacuum
conditions in the Knudsen cell) is plotted with a representative CO, production trace

as a function of illumination time.

After ~60 min of illumination, gas-phase CO, production by the sand film was
negligible; in addition, no further loss of oxalic acid was observed. At this point, the
quantity of oxalic acid remaining within the film was ~85% of its preillumination
value. This observation implies that the photoreactive pathways explored in the
present experiment were available to only ~15% of surface-sorbed oxalic acid
molecules and/or that the inherent photoactivity of the film in the absence of gas-

phase oxygen was diminished at long time scales.
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Figure 4-6 Production of gas-phase CO, from oxalic acid in the presence (blue trace) and
absence (black trace) of 0.7 Pa oxygen, at the surface of a) Fe;03 (10 mM oxalic acid; 10 mg
Fe,03) and b) Mauritanian sand (5 mM oxalic acid; 50 mg sand). Time = 0 indicates when the
samples were first illuminated.

139



O
S—
o
o

®
&

light volcanic ash

6.0e-8

4.0e-8 A

2.0e-8 -

CO9 Signal (m/z 44) / Arbitrary Units

0 500 1000 1500 2000

Time /s

3.2e-7

o’

light

2.8e-7 A

2.4e-7 4

2.0e-7 A

1.6e-7

1.2e-7 -

8.0e-8 A

4.0e-8 -

CO9 Signal (m/z 44) / Arbitrary Units Q.

0.0 -

1 T T

0 500 1000 1500 2000

Time /s

Figure 4-6 Production of gas-phase CO, from oxalic acid in the presence (blue trace) and
absence (black trace) of 0.7 Pa oxygen, at the surface of c) Icelandic volcanic ash (5 mM oxalic
acid; 50 mg ash) and d) TiO, (10 mM oxalic acid; 10 mg TiO,). Time = 0 indicates when the
samples were first illuminated.
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Figure 4-7 Composite figure showing the decay in gas-phase CO, signal during illumination of
oxalic acid at the surface of Mauritanian dust (5 mM, 50 mg, blue trace, left axis) and the
guantity of oxalic acid remaining in the film as a function of illumination time (black circles,
right axis), normalized to the quantity of oxalic acid remaining in a set of nonilluminated films
prepared in an identical manner and subjected to vacuum conditions in the Knudsen cell. Each
data point represents the mean of three trials, each of which was performed using a fresh
sample.

4.4  Discussion

4.4.1 CO, production from illuminated sand and ash films in the absence of

oxalic acid

Figures 4-3 and 4-4 illustrate that the illumination of Mauritanian sand and Icelandic
volcanic ash films leads to the production of gas- phase CO,, even in the absence of
added oxalic acid. Although the release of CO, upon illumination has previously been
observed for TiO,* ” and a variety of other semiconductors,” the present work

provides, to our knowledge, the first demonstration of this phenomenon on real
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environmentlal substrates.

It has been proposed that the capture of conduction-band electrons by oxygen
molecules physisorbed to surface carbon impurities on semiconductor surfaces leads
to the production of chemisorbed carboxyl groups (CO,-).” In the case of TiO,
nanoparticles, these moieties have also been shown to arise via the interaction of gas-

phase CO, with the semiconductor surface.”

Given that our samples were stored
under ambient conditions and were not subjected to a high-temperature treatment

prior to use, it thus seems reasonable for CO,— to have been present.

The mechanism of light-induced CO, production by semiconductor surfaces is
believed to involve the oxidation of chemisorbed CO,— by photogenerated holes to
yield physisorbed CO,, which can subsequently undergo thermal desorption.” These
observations have implications for the laboratory study of photochemical reactions
occurring at environmental surfaces, since they imply that gas-phase CO, produced
upon illumination of an organic-coated surface may originate not only from chemistry
involving the organic adsorbate but also from photoactive carboxyl functionalities

present within the surface itself.
4.4.2 Heterogeneous photooxidation of oxalic acid: mechanistic insights

As shown in Figures 4-3 and 4-4, the illumination of oxalic acid at the surface of
Mauritanian sand and Icelandic voleanic ash resulted in the production of gas- phase
CO,; in addition, at least in the case of Mauritanian sand, as shown in Figure 4-7, the
production of CO, scaled with the loss of surface oxalic acid. The results from
experiments at the SiO, surface presented in Figure 4-3 provide evidence that the
direct photolysis of oxalic acid at the surface of these films did not contribute
substantially to the observed CO, production and further imply that the
photochemical oxidation of oxalic acid was mediated by photoactive species within the

films themselves.
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Interestingly, comparison of Figures 4-3 and 4-4 also shows that the time dependence
of gas-phase CO, production at the surface of Mauritanian sand differed significantly
from that at the surface of Icelandic ash. This observation, which most likely reflects a
convolution of the differing chemical composition, specific surface area, and optical
transmittance of these two substrates, highlights the substrate-dependent nature of
this photochemistry and provides direct evidence for the value of laboratory

experiments performed using authentic environmental samples.

As shown in Figure 4-5, the action spectra for gas-phase CO, production at the
surface of Mauritanian sand and Icelandic volcanic ash resemble the absorption
spectrum of iron(III) oxalate.” This observation, coupled with the fact that both
substrates contain measurable quantities of iron, suggests that the observed
heterogeneous photochemistry of oxalic acid was, at least in part, iron-mediated. In
fact, the iron-catalyzed photochemistry of oxalic acid has long been known to be a
significant aqueous-phase loss process for this species./'s’ i, 61 Although the precise
mechanism of iron oxalate photochemistry in aqueous solution is still the topic of

62-64

much discussion, it is generally agreed that gas-phase CO, is the sole oxidative

product. The reactions involved in the CO, production are proposed to be® %

Fe' G0 + hv > Fe'' + G0, ¢ (1a)
> Fe' +2CO, e (1b)

G0, > CO,1 + CO, e 2

COye  +Fe 0.2 > CO,1 + Fel' + C,0.2 3)

In the presence of dissolved oxygen, the carboxyl radical anion may react to produce

superoxide anion and, by extension, hydroxyl radical®

C().Z o —+ 02 9 C()_),T + 02 b (4)
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O, *+ H,0 > HO,* + OH (5)
HO,* + HO,» > H,0, + O, (6)
H,0, + Av > 20H (7)

Although literature on the iron-catalyzed photochemistry of oxalic acid in the solid
phase is sparse, several older studies have investigated the solid-state photochemistry

67-69

of potassium trisoxalatoferrate(Ill) trihydrate. These studies have, variously,

suggested that the photochemical mechanism is similar to that occurring in aqueous
solution,” that it involves the formation of bridged intermediates,” and that it occurs
via the formation of electron—hole pairs in the solid and the subsequent hole-

mediated oxidation of oxalate anion.”

In the present experiments, we observed that the production of CO, from oxalic acid
at the Fe,O; surface was reduced in the presence of oxygen. This observation agrees

® who found that the quantum yield for Fe!

with that of Spencer and Schmidt,
production from potassium trisoxalatoferrate(Ill) trihydrate increased at low
pressures. Given that oxygen is an efficient electron-capturing agent and would thus
be expected to reduce electron-hole recombination and therefore increase the
availability of holes at the illuminated Fe,O; surface, these results suggest that the
iron-catalyzed photooxidation of oxalic acid at the Fe,O, surface likely did not proceed
via a direct, hole-mediated pathway. The resemblance of the action spectrum for CO,
production at this surface, shown in Figure 4-5, to the absorption spectrum of iron
(IIT) oxalate provides additional evidence for this assertion. These results imply that
the importance of iron-catalyzed photochemistry is reduced under ambient

conditions. We speculate that this reduction may be attributable to the nonreactive

quenching of a long-lived charge-transfer complex by adsorbed oxygen.

Interestingly, this reduction in CO, production upon introduction of gas-phase

oxygen was observed neither at the surface of Mauritanian sand nor at the surface of
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volcanic ash: at the volcanic ash surface, the presence of oxygen did not influence CO,
production; at the Mauritanian sand surface, the presence of gas-phase oxygen
enhanced CO, production. The different behavior observed at the sand and ash
surfaces is likely attributable to the different chemical composition of these two
substrates. Together, these observations imply that iron-mediated chemistry was not
the only photochemical pathway available at the surface of these substrates. The most
obvious candidate for this new pathway is photochemistry involving TiO,, which is
present in both authentic samples. Evidence for this assertion is provided in Figure
4-6d, which shows that the production of CO, by oxalic acid at the surface of an
illuminated TiO, film was substantially enhanced in the presence of oxygen. The

following photo-Kolbe mechanistic pathway is consistent with this observation:”

TiO, + Av(E =32 eV) > h' ) +ey (8)
h, +ey > heat 9)
0, +e > O, (10)
G072 +h, > GO, (11)
G0, ° > CO,t + CO, » 2)
CO, * + O, > CO, + 0,0 ()
4.4.3 Atmospheric significance

In the present set of experiments, we have shown that the illumination of oxalic acid
deposited on Mauritanian sand and Icelandic volcanic ash films leads to the
production of gas-phase CO,. Further, we have provided evidence that this
phototransformation is mediated by Fe and Ti contained within the films. This is, to
our knowledge, the first investigation of oxalic acid photochemistry on authentic

solid-phase environmental samples, and one of the first studies to demonstrate

145



conclusively the role that metal- containing aerosols may play in influencing the

lifetime of atmospherically relevant organic compounds.

Adsorbed water is known to play a complex role in photochemistry occurring on
mineral surfaces.”! Although the low-pressure environment of the Knudsen cell
precludes the performance of experiments in the presence of water vapor at levels
typical of the troposphere, we note that our samples were not subject to intense
heating regimes and thus would have been expected to contain some strongly

. . . . AD-46
adsorbed water. The formation of oxalic acid in cloud droplets i2-46

and deliquesced
— . . . . 148 4

aerosol” and the aqueous-phase iron-catalyzed photochemistry of oxalic acid 8.9 have

received much research attention. Our results, however, suggest that heterogeneous

loss processes exist for this species even under arid conditions.

In a study of oxalic acid in Shanghai aerosol, Yang et al.”? observed a distinct diurnal
trend in the concentration of dust- associated oxalic acid, with significantly higher
concentrations occurring at nighttime. The same trend was also observed by He and
Kawamura” for aerosol-phase oxalic acid in a suburban site north of Beijing. In both
cases, these authors attributed these observations to enhanced nighttime production
of oxalic acid via the aqueous-phase processing of precursor organic species.
However, the results obtained in the present experiments suggest that this
phenomenon may also have arisen as a result of the existence of aerosol-catalyzed

photochemical loss processes for this species during daylight hours.

The reactive pathways explored in the present study may also be available to other
adsorbed carboxylic acids: citrie, glyoxalic, malonie, and pyruvie acids are known to
undergo iron-catalyzed photochemistry in the aqueous phase,” ‘" and TiO, has been
shown to catalyze the aqueous-phase photooxidation of malonic and succinic acids.”
Unlike oxalic acid, however, whose photochemistry in the presence of oxygen would
be expected to produce HO, via eqs 4-7, the decarboxylation of carboxylate radicals

derived from longer-chain acids would ultimately result in the production of peroxy
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radicals,”" which would have the potential to undergo further chemistry at the aerosol

surface.
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Heterogeneous photooxidation of fluorotelomer
alcohols: a new source of aerosol-phase

perfluorinated carboxylic acids

Reprinted (adapted) with permission from Styler, S.A.; Myers, A.L.; Donaldson, D.J.
“Heterogeneous photooxidation of fluorotelomer alcohols: a new source of aerosol-
phase perfluorinated carboxylic acids™ in Enoironmental Science & Technology 2013, 47
(12), 6358-6367. Copyright 2013 American Chemical Society.

Contributions:

Anne L. Myers designed the extraction and analysis procedure for surface-sorbed
perfluorinated species, and carried out this procedure with assistance from Sarah A.
Styler. All other experiments were designed and conducted by Sarah A. Styler. The
manuscript was written by Sarah A. Styler (with the exception of experimental and
supporting material related to the extraction and analysis of surface-sorbed
perfluorinated species, which was written by Anne L. Myers), with critical comments
from Anne L. Myers and D. James Donaldson.



5.1 Introduction

Fluorotelomer alcohols (FTOHs, CF,, CH,CH,OH), a class of volatile high-
production-volume chemicals used in the synthesis of a broad range of industrial and
consumer products, including oil- and water-repelling coatings and waxes," * have
been shown to be present in residual quantities (up to 3.8% dry weight) in a number of
fluorinated commercial products.”” Trace quantities of FTOHs (ppb) have also been
detected in a wide range of environmental matrices, including both urban and remote

10

atmospheres,” house dust," indoor air,"! sludge-amended agricultural soils,” and

precipitation and surface water."”

FTOHs have been shown to be biological]/" b and photochemical'6 precursors of
perfluorinated carboxylic acids (PFCAs, C F,, . ,COOH), which are a toxic” and
persisten‘tI8 class of chemicals. Despite this, very little is currently known about their
atmospheric fate, and the results of the few partitioning and kinetic studies performed
under laboratory conditions do not provide a satisfactory explanation for a number of
field observations. For example, laboratory measurements have shown unequivocally

19, 20

that FTOHs partition efficiently to organic and mineral®" surfaces. By contrast,

field studies have typically found that the concentration of FTOHs in atmospheric
particulate matter is significantly lower than in corresponding gas-phase samples.ﬂ'25
In addition, the only atmospheric reactive loss mechanism proposed to date for
FTOHMHs is gas-phase OH oxidation, which proceeds with a lifetime of ~ 20 days.% This

process, however, is insufficient to explain recent observations of a significant diurnal

concentration gradient for F'TOHs in an urban environment.*

Although TiO, has been shown to catalyze the mineralization of gas-phase 4:2 FTOH
under optimized conditions,” the photochemical behaviour of FTOHs at the surface
of real atmospheric substrates has not yet received study. We have previously shown

that Mauritanian sand and Icelandic volcanic ash efficiently catalyze the



photooxidation of surface-sorbed oxalic acid.”® In the present study, we use a
combination of gas- and particle-phase analytical techniques to explore the possibility
that heterogeneous photooxidation on sand and ash surfaces may serve not only as an
additional loss mechanism for FTOHs but also as a previously unidentified source of

particle-sorbed PFCAs.

5.2  Materials and methods

Two distinct types of experiments were performed here. In the first, a Knudsen cell
photoreactor was used to investigate a) the uptake of FTOHs by Mauritanian sand,
Icelandic volcanic ash, and TiO, and b) the gas-phase products of 6:2 FTOH
photooxidation at the TiO, surface. In the second, the photochemistry of 6:2 FTOH at
the surface of Mauritanian sand, Icelandic volcanic ash, TiO,, Fe,O,, and SiO, was
explored over longer timescales using gas-phase Fourier transform infrared
spectroscopy (FTIR). In these experiments, surface-sorbed photoproducts were

identified using liquid chromatography-tandem mass spectrometry (LC-MS-MS).
5.2.1 Knudsen cell uptake and photochemistry experiments
5.2.1.1 Experimental apparatus

Experiments were performed in a custom-built multi-sample photochemical Knudsen
cell, which is a modification of the cell we have previously used to investigate the
photooxidation of isopropanol on TiO, and TiO, KNO;, films* and of oxalic acid on
Mauritanian sand and Icelandic volcanic ash.®® A schematic of the apparatus is

presented in the Appendix (Figure 5-Al).

In brief, the reactor consists of a 2890 em” stainless-steel rectangular box with three
quartz-bottomed circular sample compartments (3.1 em diameter) contained within its
removable bottom face. Pressures within the reactor are maintained at a baseline

range of 3-5 x 107 Pa using a turbopump. Gas-phase reagents are drawn from the
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vapour above a liquid reservoir, passed through a variable leak valve, and introduced
into the chamber through a length of copper tubing connected to a %" stainless-steel
injector tube. The liquid samples were subjected to three freeze pump-thaw cycles
prior to use. Three isolation flanges equipped with Viton o-rings are used to shield
samples from gas-phase reagents present in the reactor. The flanges are raised and
lowered by stainless-steel rods, which pass through compression fittings on the top
face of the reactor. Gas-phase species exit the reactor via a 3 mm diameter orifice and
are detected using a quadrupole mass spectrometer (QMS) with 70 eV electron-impact

1onization.

[lumination of samples is accomplished using a 150W Xe arc lamp, the output of
which is directed through the quartz window of each sample compartment and the
bottom face of each Pyrex sample holder using a 3D-printed modular mirror
assembly. Each Pyrex sample holder itself serves as a long-pass optical filter,

eliminating A < 310 nm.
5.2.1.2 Experimental procedure

Samples were prepared by suspending 10-50 mg of TiO,, Mauritanian sand, or
Icelandic voleanic ash in 2 mL of deionized water. In order to investigate the influence
of co-sorbed nitrate upon photochemistry at the TiO, surface,” some samples were
prepared using 2 mL of 10 mM aqueous KNO;. The resultant slurries were transferred
via pipet to shallow 3 em diameter Pyrex sample holders, which were then heated for
1.5 h in a 373 K oven to evaporate water and yield films of relatively uniform

thickness. No further efforts were made to remove adsorbed water from the samples.

Before each experiment commenced, the sample holders containing the substrates of
interest were placed into the reaction chamber and the apparatus was evacuated until
a constant background pressure of ~ 3 x 102 Pa was achieved. At this point,

background signal intensities of m/z 31 (CH,OH"; alcohol functional group) and m/z 29



(CHO"; aldehyde functional group) were measured using the QMS. Then, the isolation
flanges were lowered and the gas-phase reagent was introduced into the sample
chamber. Once the mass spectrometric signal reached a constant level, the first
sample cover was opened. The resultant decrease in signal was used to obtain an
apparent initial uptake coefficient via the following equation:”

_Ap Iy -1
Yo—As I

Here, A, and A, are the geometric areas of the escape orifice and sample holder,
respectively; /; is the signal recorded by the QMS with the sample cover closed; and /
is the signal recorded by the QMS immediately upon raising the isolation flange. The
main advantage of the multi-compartment Knudsen cell is that it allows three uptake
coefficients to be determined in quick succession. The results of a typical experiment

performed using this apparatus are shown in Figure 5-1.

Several experiments investigating 3,3,3-trifluoropropanol and 6:2  FTOH
photochemistry at the TiO, surface were performed using the Knudsen cell. In these
experiments, the TiO, surface was first exposed to the gas-phase reagent of interest
under dark conditions. Once the mass spectrometric signal at m/z 31 returned to its
pre-exposure level, which indicated that the rates of reagent adsorption and
desorption at the surface were equal (Ze. that equilibrium was reached), the sample
was illuminated and the resultant changes in m/z 31 and m/z 29 were used to deduce

the efficiency of oxidative photochemistry taking place at the sample surface.
5.2.2 Product identification experiments
5.2.2.1 Experimental apparatus

Experiments were performed in a 50 em Pyrex reaction cell equipped with Ge
windows and interfaced to a FTIR spectrometer. Gas-phase FTIR spectra of the cell

contents were obtained with the sample beam exiting the instrument via a side port,



passing through the reaction cell, and impinging on a liquid-nitrogen-cooled mercury
cadmium telluride (MCT) detector. Spectra were analysed using BOMEM-GRAMS/32

software.
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Figure 5-1 Representative QMS trace for uptake of 6:2 FTOH (m/z 31) at the surface of
Mauritanian sand samples (10 mg; 20 mg; 40 mg). Blue rectangles indicate the times during
which the sample compartments were opened.

5.2.2.2  Sample preparation and illumination

Photoactive solid sample films were prepared in quartz reaction boats by heating
aqueous suspensions of 100 mg of the sample of interest for ~ 30 minutes in a 423K
oven. At the beginning of each experiment, a reaction boat containing the sample film

of interest was placed into the FTIR cell, which was then flushed with synthetic air.
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After a background reference spectrum was taken, 6:2 FTOIH from the vapour above a
heated liquid reservoir was introduced to the flow of synthetic air. After ~ 5 min, the
inlet and outlet ports of the FTIR cell were closed and the system was allowed to
reach gas surface equilibrium, here defined as the point at which the concentration of
gas-phase 6:2 FTOH no longer decreased with time (~ 90 min). At this point, the
sample film was illuminated for time periods ranging from 30 min to 5 h using the
output of the same 150W Xe arc lamp. Gas-phase FTIR spectra were obtained at 5

min intervals for the duration of the experiment.
5.2.2.3  Sample extraction and LC-MS-MS analysis

After illumination, fluorinated surface products were extracted into methanol using a
method based on that of De Silva and coworkers.”" In brief, the quartz boat was placed
in a 50 mL polypropylene tube containing 10 mL of methanol, which was then
sonicated (15 min), placed on a mechanical shaker (15 min, 360 rpm), and centrifuged
(10 min, 6000 rpm). The methanol extract was filtered (0.2 wm nylon syringe filter),
evaporated to dryness under a nitrogen flow, and reconstituted in 1 mL. HPLC-grade
methanol. Sample extracts were refrigerated in polypropylene cryogenic vials until

sample analysis.

LC-MS-MS analysis of the methanol extracts was performed using an ultra-
performance liquid chromatograph (UPLC) coupled to a triple quadrupole mass
spectrometer, which was run in multiple reaction monitoring mode (MRM) using
negative electrospray ionization. Separation of analytes was accomplished using a
modification of the gradient elution method of Rand and Mabury™ on a Phenomenex
Kinetex C18 analytical UPLC column (50 mm x 4.6 mm, 2.6 um, 100 A) Analytes were

quantified via internal calibration using BC-labelled internal standards.

Further information regarding the chromatographic, mass spectrometric, and

quantification methods employed is available in the Appendix.



5.2.2.4  Quality assurance / quality control (QA/QC)

Blank samples representing experimental, extraction and analytical procedures were
analyzed to ensure that contamination was not contributing to observed perfluoroalkyl
substance (PFAS) concentrations. Spike and recovery studies were performed to
assess the extraction efficiency of PFASs. In these experiments, ash and sand samples
(100mg) were spiked with 6 ng native PFASs and subjected to the extraction
procedure outlined above. Recoveries ranged from 60-90%, and experimental values
were not recovery-corrected. As indicated by error bars in Figures 5-6 and 5-7,
precision in the experimental procedure was assessed through replicate experiments.
Instrumental precision was determined by duplicate LC-MS-MS analysis of each

sample. Further details of QA/QC procedures are available in the Appendix.
5.2.3 Chemicals

3.3.3-trifluoropropanol (98%), 4:2 FTOH (99%), and 6:2 FTOH (97%) were obtained
from SynQuest Laboratories and used as received. TiO, (anatase, =99%), Si0, (99.5%,
99.8 ppm TiO, as quoted in the certificate of analysis), Fe,O; (299%), and KNO, (ACS
grade) were obtained from Sigma Aldrich and used as received. The Mauritanian sand
used in the present experiments, which we have previously shown to catalyze the
photochemical oxidation of oxalic acid,” was generously donated by Dr. Christian
George. The Icelandic volcanic ash sample was obtained from a Reykjavik tourist shop
following the 2010 Eyjafjallajokull eruption. Sand and ash samples were finely ground
in a mortar and pestle prior to use. The elemental concentrations of Fe (0.2% sand,
6.8% ash) and Ti (0.1% sand, 1.0% ash) in these natural samples were previously

determined using wavelength-dispersive X-ray fluorescence s]g)ectrometry.28

HPLC-grade methanol (>99.8%) was purchased from EMD Chemicals, Inc. Native and
mass-labelled perfluoroalkyl substance (PFAS) standards (>99%) were donated by

Wellington Laboratories, Inc. Native PFAS solutions included perfluoropentanoic
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acid (PFPeA), perfluorohexanoic acid (PFHxA), perfluoroheptanoic acid (PFHpA), and
6:2 fluorotelomer unsaturated carboxylic acid (6:2 FTUCA). Mass-labelled PFAS
solutions were used as internal standards and included ["C,] PFHxA, ["C,] PFOA, and

MC,) 6:2 FTUCA.

5.3 Results

5.3.1 Dark uptake experiments

In order to gain insight into the mechanism of uptake at the mineral surface (vide
infra), we first determined the apparent initial uptake coefficient, y, of 3.3-
trifluoropropanol, 4:2 FTOH, and 6:2 FTOH as a function of solid-phase sample mass.
The results of these experiments are displayed in Figures 5-2 and 5-3a-b. At the
surface of Mauritanian sand, each of these fluorinated alcohols exhibited a plateau in
Yo at the highest masses under study. At lower sample masses, however, their
behaviour differed substantially: while the apparent initial uptake coefficient for 3,3,3-
trifluoropropanol increased linearly with increasing sample mass, those for 4:2 FTOH

and 6:2 FTOH increased in a non-linear fashion as a function of sample mass.

In an attempt to determine whether this non-linear mass dependence was specific to
the Mauritanian sand surface, we also measured the uptake of 6:2 FTOH at the TiO,
surface and at the surface of Icelandic volcanic ash as a function of substrate mass.
Figure 5-4a shows that at the volcanic ash surface, y, also increased non-linearly with
increasing sample mass. However, as illustrated in Figure 5-4b, a linear dependence of
Yoon sample mass was observed at the TiO, surface. In both cases, y, reached a plateau

at the highest masses under study.
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Figure 5-2 Apparent initial uptake coefficient yo for 3,3,3-trifluoropropanol at the surface of
Mauritanian sand as a function of sand mass. Error bars represent the standard error associated
with three individual trials.

5.3.2 Gas-phase products from the TiO,-catalyzed photooxidation of 6:2 FTOH

We have previously shown that the illumination of an n-propanol-saturated TiO, film
leads to the production of gas-phase propionaldehyde.” In the present work, we
investigated the photooxidation of this alcohol’s fluorinated analogue, 3.3,3-
trifluoropropanol. The illumination of a TiO, film saturated with this species led to an
increase in the mass spectrometric signal associated with the CHO" fragment (m/z 29)
and a concomitant decrease in the signal associated with the CH,OH" fragment (m/z
31), which suggests that 3,3,3-trifluoropropanol is oxidatively converted to 3.3,3-

trifluoropropionaldehyde at the illuminated TiO, surface.
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Figure 5-3 Apparent initial uptake coefficient yo for a) 4:2 FTOH and b) 6:2 FTOH at the
surface of Mauritanian sand as a function of sand mass. Error bars represent the standard error
associated with three individual trials.
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Figure 5-4 Apparent initial uptake coefficients yo for 6:2 FTOH at the surface of a) Icelandic
volcanic ash and b) TiO; as a function of substrate mass. Error bars represent the standard error
associated with three individual trials.
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As shown in Figure 5-5a, illumination of a 6:2 FTOI-saturated TiO, film in the
photochemical Knudsen cell led to the same increase in the CHO" fragment and
decrease in the CH,OH" fragment as was observed for 3,3,3-trifluoropropanol. In
agreement with the work of Kutsuna and co-workers,” who investigated the
photochemistry of 4:2 FTOH at the TiO, surface, we attribute this observation to the
photochemical loss of 6:2 FTOH and the concurrent formation and emission to the
gas phase of its aldehydic oxidation products, 6:2 fluorotelomer aldehyde (6:2 FTAL)
and/or 6:2 fluorotelomer unsaturated aldehyde (6:2 FTUAL).

This assignment is corroborated by the results obtained by gas-phase FTIR
measurements at ambient pressure and over longer time-scales: as shown in Figure 5-
5b, illumination of 6:2 FTOH-saturated TiO, films led to the production of aldehydic
oxidation products with absorbances at 1686, 1713, and 1751 cm’. We attribute these
absorbances to 6:2 FTAL (CH=0, 1751 Cm") and 6:2 FTUAL (CH=0, 1713 em™; C=C,
1686 cm™).>

The Knudsen cell experiments described thus far were performed under oxygen-free
conditions. Previously, we have shown that the presence of oxygen has a complex
influence on the photooxidation of oxalic acid at the surface of Mauritanian sand and

Icelandic ash.®

In addition, in our previous investigation of the photochemical conversion of
isopropanol to acetone at the TiO, surface,” we found that the presence of nitrate —a
characteristic component of processed mineral dust aerosol led to a substantial
enhancement in both isopropanol loss and acetone formation. Here, we used the
photochemical Knudsen cell to investigate the influence of gas-phase oxygen (~ 0.7
Pa) and surface-sorbed nitrate upon the TiO,-catalyzed photooxidation of 6:2 FTOI.
Interestingly, neither oxygen nor surface-sorbed nitrate enhanced the photochemical
production of gas-phase aldehydic oxidation products (CHO", m/z 29). Since these gas-

phase measurements are influenced not only by surface oxidation rates but also by the
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Figure 5-5 a) Representative QMS trace for conversion of 6:2 FTOH (m/z 31) to 6:2 FTAL/6:2
FTUAL (m/z 29) at the illuminated TiO, surface. A yellow rectangle indicates the time period
during which the samples were illuminated. b) Gas-phase FTIR spectrum obtained for the
photooxidation of 6:2 FTOH at the TiO, surface after 2.5 h of illumination.
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surface-to-gas transfer of oxidation products, we suggest that this observation reflects
the fact that the initial aldehydic products of FTOH photooxidation may have
remained at the TiO, surface and undergone further oxidation to yield involatile

fluorinated species. This possibility is explored further in the subsequent section.

5.3.3 Surface-sorbed products from the heterogeneous photooxidation of

6:2 FTOH

As illustrated in Figure 5-6, the photooxidation of 6:2 FTOIH at the TiO, surface led to
the production of a variety of surface-sorbed species, including 6:2 FTUCA, PFHpA,
PFHxA, and PFPeA. Although 6:2 fluorotelomer carboxylic acid (6:2 FTCA) was also
observed, it was not quantified in these experiments. At the Fe,O; surface, the
oxidation of 6:2 FTOH also resulted in the production of substantial quantities of
6:2FTCA (not quantified), 6:2 FTUCA, and PFHxA, but only minor quantities of
PFHpA and PFPeA. In a control experiment performed at the SiO, surface, in which
the sample was not illuminated but no attempts were made to exclude ambient
laboratory lighting, small but measurable quantities of each of the analytes described
above were observed. Photochemistry at the SiO, surface was significantly less
efficient than at the surface of Fe,O, and TiO,, but nevertheless resulted in enhanced
levels of PFPeA, PFHxA, and PFHpA over those observed in the absence of

lumination.

With these observations as a framework, we investigated the photooxidation of 6:2
FTOH at the surface of real environmental samples. In these experiments, the results
of which are illustrated in Figure 5-7, we measured 6:2 FTUCA and the C5-C7 PFCAs
at the surface of Mauritanian sand and Icelandic volcanic ash as a function of
illumination time. At both surfaces, the dominant species observed was PFIHxA: at
the ash surface, its concentration reached a maximum after 2.5h of illumination; at the

sand surface, however, its concentration increased monotonically over the time period

studied (up to 5h). At the ash surface, PFPeA, PFHpA, and 6:2 FTUCA were detected

167



at all illumination time points, but were present in significantly lower concentrations
than PFHxA. At the sand surface, however, these photoproducts were observed only

after 5h of illumination.
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Figure 5-6 Fluorinated photoproduct concentrations in extracts from films exposed to 6:2
FTOH for 1.5 h under dark conditions and subsequently illuminated for 2.5 h. The SiO, dark
control was exposed to 6:2 FTOH under dark conditions for 2.5 h. Results are displayed on a
logarithmic scale. Where present, error bars represent the standard error associated with two
individual trials. Asterisks indicate that extract concentrations were higher than those
associated with the highest standard used for quantification. Analyte concentrations in blank
samples are too small to fit on the scale.
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Figure 5-7 Fluorinated photoproduct concentrations in extracts from a) sand and b) ash films
exposed to 6:2 FTOH for 1.5 h under dark conditions and subsequently illuminated for periods
of time ranging from 0 to 5h. Error bars represent the standard error associated with two
individual trials.
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5.4  Discussion

5.4.1 Fluorinated alcohols partition efficiently to environmental surfaces

As shown in Figures 5-2, 5-3, and 5-4, the apparent initial uptake coefficients, y,, for
fluorotelomer alcohols were substantial at all of the mineral surfaces under study. At
the surface of TiO,, y, for 6:2 FTOH was greater than that which we previously
observed for isopropanol under similar experimental conditions.” This result, when
coupled with previous laboratory observations of substantial uptake to the octanol
surface" and efficient equilibrium partitioning to quartz, Al,O,, and CaCO,,”" stresses
the need for a comprehensive investigation of the heterogeneous fate of this class of

compounds.

As a result of efficient diffusion into underlying sample layers, y, of gas-phase species
on solid samples measured in a Knudsen cell generally first increases linearly with
sample mass—this is referred to as the linear mass-dependent (LMD) regime.” At
elevated sample masses, however, where the adsorbate molecules cannot access the
entire sample via diffusion over the time-scale of the uptake experiment, a plateau in
this relationship is observed.” We have previously observed this uptake behaviour for
isopropanol at the TiO, surface;* and, as shown in Figure 5-2, we observed the same

behaviour for 3,3,3-trifluoropropanol at the Mauritanian sand surface.

In the LMD regime, by definition, the number of surface sites available for adsorption
increases linearly as a function of sample mass. Therefore, if uptake is governed
exclusively by adsorbate surface interactions, there should also be a linear
relationship between y, and sample mass. As illustrated in Figures 5-3a and 5-3b,
however, the apparent initial uptake coefficient of the 4:2 and 6:2 FTOIs at the
surface of Mauritanian sand exhibited a non-linear increase with increasing sample
mass followed by a plateau at the highest sample masses. As shown in Figure 5-4a, the

same behaviour was observed for 6:2 FTOH at the Icelandic ash surface. This
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observation suggests that intermolecular forces involving only the FTOIs species-—
hydrogen bonding or van der Waals interactions, for example — may have contributed
to the observed uptake. This type of favourable adsorbate-adsorbate interaction has
been previously invoked to explain the self-association of polyeyclic aromatic
5

hydrocarbons at the surface of ice” and snow™ and the formation of oleic acid

‘islands’ at the surface of both polar and non-polar aerosol mimics.”’

Since the gas-phase organic uptake studies performed to date on atmospheric
particulate matter have been performed nearly exclusively with small molecules,”™ it
is not currently known whether our results are specific to the fluorinated alcohols or
are a general observation for larger adsorbates. Two characteristics of the
fluorotelomer alcohols, however, suggest that the contribution of adsorbate-adsorbate
interactions to observed uptake may be more pronounced for these species than for
their hydrogenated analogues: first, the ability of the hydroxyl head group to
participate in hydrogen-bonding interactions with the mineral surface is diminished
in the FTOHs by the presence of a substantial intramolecular hydrogen bond;*" 0
second, access lo adsorptive sites may be impeded by the stiff, helical fluorinated tail
of these molecules.” In any event, this non-linear increase in uptake coefficient as a
function of sample mass is not universally observed for this class of compounds: as
shown in Figure 5-4b, a typical linear mass dependence was observed at the TiO,
surface. This observation, which may have arisen from strong bonding to hydroxyl

groups present at the TiO, surface,”

suggests that the surface partitioning behaviour
of fluorotelomer alcohols may depend sensitively on the specific nature of the
substrate surface, which could itself depend on ambient temperature and relative

humidity.
5.4.2 Heterogeneous photochemistry of 6:2 FTOH: mechanistic insights

In an attempt to gain insight into the mechanism of heterogeneous 6:2 FTOH

oxidation on real atmospheric surfaces, we first examine the relative production of
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surface-sorbed PFCAs at the surface of TiO, and Fe,0;. At the Fe,O; surface, the only
PFCA observed in significant quantities was PFHxA. At the TiO, surface, by contrast,
we saw significant production not only of PFHxA but also of PFHpA and PFPeA. We
suggest that these observations can be explained by the different photooxidation
pathways available at the surface of these two semiconductors. These pathways are

displayed schematically in Scheme 5-1.16:12

At the Fe,O; surface, we propose that the oxidation of 6:2 FTOH is mediated by

43-45

hydroxyl radical produced by photochemical oxidation of surface-sorbed water” ™ and
yields both 6:2 FTCA and 6:2 FTUCA as intermediates. The slower rate of OH-
mediated hydrogen abstraction from the saturated 6:2 FTCA, which would ultimately
yield PFHpA, as compared to OH addition to 6:2 FTUCA, which would ultimately
yield PFHxA, explains the dominance of the latter PFCA in these experiments. In
addition, since PFCAs are known to be recalcitrant with respect to reaction with OH,®

additional evidence for this OH-mediated reactive mechanism is provided by the fact

that no oxidation of PFHxA to yield PFPeA was observed at the Fe,O, surface.

At the TiO, surface, oxidation can be effected not only by photochemically produced

hydroxyl radical but also directly by photoproduced valence-band holes (h',,).” Our

vb
observation of PFHpA at the TiO, surface provides support for the latter mechanism,
since the hole-mediated oxidation of 6:2 FTUCA and 6:2 FTCA would be expected to
proceed at similar rates. Unlike FFe,O;, TiO, has been previously shown to mediate the
photochemical oxidation of PFCAs.®™ The same is true in the present work, where we
observed significant production of PFPeA, which can arise only from reaction of its

C7 and C6 PFCA precursors, upon illumination.
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Species in solid rectangles were observed in the present experiments.

Unexpectedly, we also saw photoproduction of PFPeA, PFHxA, and PFHpA at the

surface of S10,, a wide band-gap insulator, albeit at significantly lower quantities. We

suggest that the following considerations may have contributed to these observations:

first, the SiO, used had a small particle size (~ 2.8 um), and would therefore have been

expected to have a large surface area for adsorption of 6:2 FTOH; second, the SiO,
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contained trace (~ 100 ppm) quantities of TiO,, which we have already shown to
efficiently promote the oxidation of 6:2 FTOH. In addition, it may also be possible
that direct photolysis of 6:2 FTOH proceeds more rapidly on surfaces than in bulk
media, in this case perhaps owing to efficient light scattering and/or reflection at the
Si0, surface, which may have exposed adsorbed species to significantly enhanced

light levels.

As shown in Figures 5-7a and 5-7b, the oxidation of 6:2 FTOIH at the surface of
Mauritanian sand and Icelandic ash samples also led to the production of PFHxA and
lesser quantities of 6:2 FTUCA, PFPeA, and PFHpA. Strong evidence for the
substrate-mediated nature of the oxidation is provided by the fact that both the
magnitude and temporal evolution of surface-sorbed photoproducts were different at
the sand than at the ash surface: while PFHxA levels at the sand surface increased
slowly but monotonically as a function of illumination time, those at the ash surface
increased more rapidly but decreased at the longest illumination time (5h); in
addition, the production of PFPeA at the ash surface occurred earlier and at a higher
level than at the sand surface. These observations can be rationalized by considering
the elemental concentrations of Fe (0.2% sand, 6.8% ash) and Ti (0.1% sand, 1.0% ash)
in these natural samples® in the context of the proposed photochemical mechanism
described above. Since levels of Fe and Ti, both of which can catalyze the
photooxidation of 6:2 FTOH, are significantly higher in the ash sample than in the
sand sample, it is unsurprising that the production of PFIHxA was higher in the
former than in the latter. In addition, the recalcitrance of PFHxA at the sand surface
as compared to at the ash surface can be explained by the lower levels of Ti present in

the sand.
5.4.3 Atmospheric significance

We have shown here that fluorotelomer alcohols are efficiently taken up on TiO, and

on Mauritanian sand and Icelandic volcanic ash samples. Further, we have provided
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evidence that the photochemical oxidation of 6:2 FTOH on TiO,, Fe,O,, sand, and ash
results in the production of surface-sorbed perfluorinated carboxylic acids. This work,
which to our knowledge represents the first investigation of heterogeneous
photoprocessing of fluorotelomer alcohols on real environmental surfaces, provides
evidence that this process may contribute to aerosol-phase PFFCA loadings, even close

to source regions.

In a number of field studies, gas-phase FTOI concentrations have been reported to
be significantly higher than those in the particle phase; in some cases, particle-phase
concentrations have been reported to be negligible.ﬂ'% Although these observations
have been largely attributed to the volatility of fluorotelomer alcohols® as compared to
their hydrogenated analogues and to sampling challenges associated with this class of
compounds,/'g our results suggest that particle-phase FTOHs may undergo efficient
photochemical transformation, and therefore that the gas particle partitioning of
these compounds cannot be readily inferred from field measurements in the absence
of kinetic data concerning their photochemical reactivity in the aerosol phase. In the
sole study performed to date that investigated diurnal trends in FTOH concentrations,
Mueller and coworkers® observed a diel pattern in gas-phase FTOH concentrations,
with lower concentrations observed in the daytime than at night. Although these
authors attributed this observation to nocturnal enrichment of these species in the
stable boundary layer, it is also possible that these observations may have arisen as a
result of efficient uptake and photooxidation of gas-phase FTOIls by atmospheric
particulate matter. This interpretation is supported by concurrent measurements of
particle-sorbed PFCAs, which showed that the C4 C6 congeners exhibited the
opposite diel pattern, with higher concentrations observed in the daytime than at

night.

Our observations of efficient conversion of 6:2 FTOH to PFHxA on the Fe,O, surface

have a number of interesting atmospheric implications. First, these results imply that



mineral dust” and coal fly ash’! may rapidly become enriched in surface-sorbed
PIFCAs, since these species are not expected to be fully mineralized on the Fe-rich
surface of these aerosols. The long-range transport of these aerosols, therefore, may
represent a potential additional source of PFCAs to remote regions, including the
Arctic environment.”*** Second, since iron-catalyzed photochemistry would also be
expected to occur at the surface of agricultural soils,”® our results indicate that the
production of PFCAs in sewage sludge-amended soils may occur not only via
biochemical pathways'/' but also via photochemical processes at or near the soil

surface.

Although our results are compelling, they represent only a first attempt to investigate
the heterogeneous photoprocesses by which FTOHs may react in the environment.
We recommend that future studies investigate a variety of other plausible aerosol-
phase mechanisms via which fluorotelomer alcohols and PFFCAs may be transformed,
including their interaction with aerosol-phase oxalic acid in the presence of TiO,,”
photo-Fenton processes in mixed organic-aqueous aerosol,”” or via photo-

complexation of PFCAs with dissolved iron (II1).”
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5.6  Appendix

5.6.1 The multi-compartment Knudsen cell
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Figure 5A-1 Schematic drawing of the multicompartment photochemical Knudsen cell
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5.6.2 LC-MS-MS analysis

Analysis  was performed using a Waters Aquity ultra-performance liquid
chromatograph (UPLC) (Waters, Mississauga, ON, CAN) coupled to an AB Sciex
API4000 triple quadrupole mass spectrometer (AB Sciex, Concord, ON, CAN). The
column used was a Phenomenex Kinetex C18 analytical UPLC column (50 mm x 4.60
mm, 2.6 um, 100 A, Torrence, CA, USA). The injection volume was 10 pL, the column

temperature was 40°C, and the sample temperature was 10°C.

The following gradient method was used (0.6 mL min”' flow rate):

Time (minutes) 10mM Ammonium 10mM Ammonium
Acetate Water (%) Acetate Methanol (%)
0 65 35
3 5 95
5 5 95
5.5 65 35
8 65 35

The analysis was run in multiple reaction monitoring (MRM) mode using negative

electrospray ionization. The following mass spectrometry parameters were used:

Anal Parent lon Progeny lon | Declustering Collision
naiyte Mass (Da) | Mass (Da) | Potential (V) | Energy (eV)
PFPeA 263.0 219.0 -25 -13
PFHxA 313.0 269.0 -30 -14
PFHpA 363.0 319.0 -30 -14
6:2 FTUCA 357.0 293.0 -35 -18
6:2 FTCA 377.0 293.0 -35 -18
['3(]2}PFHXA 315.0 270.0 -30 -14
C,PFOA 417.0 372.0 -35 -15
[

[13(]2}6:2 FTCA 379.0 294.0 -35 -18
[13(]2}6:2 FTUCA 359.0 294.0 -35 -18
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Analytes were quantified using internal standard calibration (calibration standards: 1,
5 20, 50, 100, 135 ng/mL). Native and "C-labelled PFC standards were obtained from
Wellington Laboratories (Guelph, ON, CAN). Native analytes were quantified using
B(C-labelled internal standards as follows: ""C,-PFHxA for PFPeA and PFHxA, "C,-
PFOA for PFHpA, and "C,-6:2 FTUCA for 6:2 FTUCA. 6:2 FTCA could not be
quantified due to lack of native 6:2 FTCA standard (#.e. no 6:2 FTCA calibration curve

for quantification).

Samples were prepared in 50:50 methanol:water. Extracts were diluted as necessary
prior to LC analysis. 15ul. of a 50 ng/ml. "C-labelled PFC standard in methanol was
added to each sample and standard to give an internal standard concentration of

2.5ng/mlL.
5.6.3 QA/QC results

Blank concentrations of fluorinated photoproducts in the various matrices under
study (n = 1) were quantified by subjecting 100 mg samples to the same extraction
procedure as was described in the Materials and Methods section. In all cases, blank
concentrations were < 1 ppb, which was significantly lower than samples exposed to

6:2 FTOH, and therefore no blank corrections were made to experimental values.

The extraction efficiency for PFASs in ash and sand was evaluated using a spike and
recovery method. 100 mg samples of sand (n=5) and ash (n=5) were placed in glass
scintillation vials containing ~ 2 mL deionized water and dried in a 423K oven. Each
dried sample was spiked with 20puL. of a 300 ng/mL native PFAS methanol standard
solution and the solvent was allowed to evaporate overnight in a fume hood. The
samples were then subjected to the extraction procedure described in the Materials
and Methods section, alongside 100 mg blank sand and ash samples used to account
for contamination during extraction. In these experiments, low ppb contamination of

PFHxA was observed in the blank ash and sand samples; therefore, reported
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recoveries for PFHxA have been blank-corrected. The results of these experiments are

presented in Figure 5A-2.

100

-

g i PFPeA

§ i PFHXA

o

© * PFHpA
6:2 FTUCA

Ash Sand

Figure 5A-2 Results of spike and recovery experiments designed to quantify extraction
efficiency of fluorinated photoproducts. Error bars represent the standard deviation associated
with five individual trials. Recoveries for PFHXA were blank-corrected.
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Chapter 6

Light-induced interactions of SO, with

authentically generated mineral dust
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6.1 Introduction

Teragram quantities of mineral dust are emitted annually from source regions in
Africa and Central Asia." ? Emitted dust undergoes efficient transport to distant
receptor regions, where it can contribute to local reductions in air quality: for
example, the springtime atmosphere in Beijing, China is characterized by episodes of
high particulate matter concentrations, which arise from the windblown transport of
dust from desert regions west of the city.‘3 The interaction between advected dust and
local pollutant plumes is especially important in East Asia, where emissions from
highly populated urban and industrial centres result in elevated concentrations of SO,

and other pollutants./" o

In a modeling study performed as part of the Asian Pacific Regional Aerosol
Characterization Experiment (ACE-Asia), which aimed in part to provide insight into
aerosol-trace gas interactions in this region, dust was found to contribute to a 55%
loss in gas-phase SO, concentrations.” The uptake of SO, by dust is important for two
main reasons. First, it ultimately leads to the formation of surface-sorbed sulfate,
which enhances dust hygroscopicity and thus influences its cloud-forming and light-
scattering properties.”® Second, strong evidence exists to suggest that SO,-mediated

enhancements in aerosol acidity can increase the solubility and bioavailability of iron

~9.10

o

in dust deposited to the ocean, and thereby influence oceanic primary productivi

For the reasons described above, the uptake of SO, by mineral dust has been explored
in a number of laboratory studies."'® Surface characterization studies have shown that
the uptake of SO, by individual metal oxides and authentic mineral dust samples
results in the formation of surface-bound sulfites, which can subsequently be

converted to sulfates by oxidants such as co-sorbed O; and NO,."”*

In recent years, researchers have begun to investigate the light-induced oxidation of

SO, at the surface of photoactive metal oxides, including TiO, and Fe,O,. At the TiO,
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surface, the presence of light effects the transformation of adsorbed sulfite to

23, 24

adsorbed sulfate and enhances the total sulfur adsorption capaci‘qy.25 At the

illuminated Fe,O; surface, the uptake of gas-phase SO, is thought to be enhanced by

) o o
the presence of reactive Fe? sites.”

To date, only two studies have investigated the photochemistry of SO, in the presence
of real mineral dust. In the first study, Saharan dust was exposed to gas-phase SO,
and the accumulation of surface sulfate was measured using scanning electron
microscopy with energy-dispersive X-ray detection (SEM-EDX) in the presence and
absence of humidity, ozone, and light.”” Although no statistically significant sulfate
formation was observed in the presence of light alone, the authors of this study note
that the SEM-EDX technique, which probes the outer ~ 1 um of the dust grains, is
not particularly sensitive to the accumulation of sulfate at the dust surface, since the
surface signal is ‘diluted’ by signal from the underlying bulk sample.” In the second
study, the exposure of Arizona test dust to gas-phase SO, in the presence of light and
humidity was shown to lead to new particle formation.”® This observation was
attributed to the oxidation of SO, by gas-phase OH produced by the illuminated dust

surface.”®

The present collaborative study represents an attempt to further our understanding of
the light-induced interactions of SO, with mineral dust. The first phase of the study,
which was performed at the University of Toronto, investigated the uptake of SO, and
light-mediated production of sulfate at the surface of individual mineral dust
components and authentic African and Asian source sands. The second phase of the
study, which was performed in the CESAM atmospheric chamber at the Université
Paris Est-— Cretéil, investigated mineral dust-mediated particle formation in the

presence of light and SO,.
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6.2  Materials and methods

6.2.1 Knudsen cell uptake and photochemistry experiments

In these experiments, a photochemical Knudsen cell reactor was used to measure the
uptake of SO, at the surface of mineral dust components and sand obtained from dust
source regions in Niger and China under light and dark conditions. Then, light-induced
changes in the relative quantities of sulfite and sulfate formed at the surface of these

samples were determined using ion chromatography.
6.2.1.1 Experimental apparatus

Experiments were performed in a custom-built multi-sample photochemical Knudsen
cell, which was first used for the study of fluorotelomer alcohol (FTOH)
photochemistry on sand and ash surfaces.” A schematic and description of the

apparatus is presented in Chapter 5.

Gas-phase SO, is introduced into the Knudsen cell reaction chamber through a length
of copper tubing connected to a %" stainless-steel injector tube. The introduction of
SO, into the chamber is controlled using a variable leak valve. Three isolation flanges
equipped with o-rings are used to shield samples from gas-phase SO,. Viton o-rings
are especially susceptible to SO,-mediated degradation; the resultant leakage of SO,
into sample compartments manifests as an apparent reduction in uptake by the
surface under study. For this reason, the Knudsen cell flanges were equipped with

SO,-resistant EPDM o-rings, and new o-rings were used for each experiment.
6.2.1.2 Experimental procedure

Samples were prepared by suspending 5150 mg of TiO,, illite, Arizona test dust, or
sand obtained from Niger or China in ~ 1.5 mL of deionized water. The resultant

slurries were transferred via pipet to shallow 3 em diameter Pyrex sample holders,
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which were then heated for 45 minutes in a 373-423 K oven to evaporate water and
yield films of relatively uniform thickness. No further efforts were made to remove

adsorbed water from the samples.

Prior to each experiment, the sample holders containing the substrates of interest
were placed into the Knudsen cell reaction chamber and the apparatus was evacuated
until a constant background pressure of ~ 3 x 10* Pa was achieved (~ 1 hour). At this
point, SO, background signal intensity (m/z 64) was measured using the quadrupole
mass spectrometer (QMS) interfaced to the chamber. Then, the isolation flanges were

lowered and gas-phase SO, was introduced into the sample chamber.

Once the mass spectrometric signal reached a relatively constant level, the first sample
cover was opened. Uptake of SO, by the sample gave rise to an immediate decrease in
the QMS signal at m/z 64 followed by a slow increase toward its initial value, the latter
of which reflects the saturation of available surface sites. Typically, surface saturation
was achieved in < 5 min. Representative QMS traces illustrating this uptake behaviour
are displayed in Figure 6-4. The apparent initial uptake coefficient for reaction was
calculated using the following equation:”

_Ap Iy -1
Yo—As I

Here, A, and A, are the geometric areas of the escape orifice and sample holder,
respectively; /; is the signal recorded by the QMS with the sample cover closed; and /

is the lowest signal recorded by the QMS after raising the isolation flange.

In experiments designed to investigate heterogeneous SO, photochemistry, samples
were illuminated from below during SO, exposure using a 100 W Xe arc lamp, the
output of which resembles the actinic radiation spectrum (see Figure 4-1). The Pyrex

sample holders served as long-pass optical filters, eliminating A < 310 nm. All
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photochemical experiments were conducted in the presence of gas-phase oxygen

(~ 0.7 Pa), which was introduced into the chamber through a variable leak valve.
6.2.1.3 Determination of sulfite and sulfate in SO,-exposed samples

Sulfite (S") is efficiently oxidized to sulfate (S"') in aqueous solution, especially in the
presence of iron.”! One common S" stabilizer is aqueous formaldehyde (formalin),
which reacts with sulfite to form the stable hydroxymethanesulfonate adduct.”
Although treatment of sample extracts with formalin allows for the determination of
S*" without interference from sulfite oxidation, the hydroxymethanesulfonate adduct
is poorly retained on the ion chromatographic column and therefore cannot be
quantified under the conditions employed in the present experiment. For this reason,

the quantity of S™ in each sample was determined indirectly.

After exposure to gas-phase SO,, samples were divided in half and placed in two 15
mL polypropylene tubes (T1 and T2). 2-5 mL of deionized water and 10 mg of Fe,O,
(as sulfite oxidant) was added to T1, while 2-5 mL of 1% or 5% v/v aqueous formalin
solution prepared using deionized water was added to T2. Both tubes were manually
shaken (1 min) and centrifuged (10 min; 4180 rpm). The centrifuged samples were
passed through a 0.2 um syringe filter (Fisher Scientific) and the sulfate content in
each was determined using ion chromatography. The sulfate (S*') content and total
sulfur content (S + SY') of the sample itself were then obtained by doubling the

sulfate peak areas measured for T2 and T1, respectively.
6.2.1.4 lTon chromatography

The sulfate content of sample extracts was analyzed via ion chromatography using a
HPLC system equipped with a Perkin-Elmer Series 200 pump, an Alltech 550
conductivity detector with self-regenerating suppressor, and a 25 pl. sample loop.

The analytical column used was a Dionex STAR-ION A300 (4.6 x 100 mm). The
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mobile phase was 1.8 mM/1.7 mM carbonate/bicarbonate and the flow rate was 1.5 mL

min'. Under these conditions, sulfate eluted at ~ 6.3 min.
6.2.2 Atmospheric chamber experiments

The interaction of authentically generated dust with gas-phase SO, was explored in
the CESAM atmospheric chamber at the Université Paris Est-— Cretéil. Information

regarding CESAM is provided in Section 1.3.2.3 and in a detailed paper by Wang er al.®
6.2.2.1 Dust generation technique

Dust was generated from Nigerien and Chinese source sands using a technique
designed to mimic the sandblasting process that is responsible for dust emission in
the real environment.” As shown in Figure 6-1, the dust generation apparatus consists
of an Erlenmeyer flask affixed to a vibrating plate. The upper opening of the flask is
connected to a wide-bore vertical metal cylinder, which in turn is connected to the
CESAM chamber. All connections are made using rubber tubing, which minimizes

particle loss via electrostatic deposition.

,—> CESAM

metal
<— settling

cylinder

N,

L
-@
Nigerien sand
[

crushed quartz
e

— <——— vibrating plate

Figure 6-1 System used at CESAM for generation of dust from source sands.
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Before each experiment, equal quantities of sand and crushed pure quartz (typically ~ 60
g) were placed into the Erlenmeyer flask and the entire apparatus was flushed with N,.
At this point, the vibrating plate was turned to its maximum level (100 Hz) and the
sample was agitated for 30 minutes. After the agitation period, the generated dust was
entrained in a flow of N,; passed through the metal settling cylinder, where the largest

size fraction was removed via sedimentation; and injected into the chamber.

Some control experiments were performed using dry NaCl particles instead of mineral
dust. In these experiments, particles were produced by nebulizing an aqueous
solution of NaCl (30 mM) and passing the resultant particle stream through a diffusion
dryer. This generation technique resulted in particles with a broad size distribution

centred around ~ 300 nm.
6.2.2.2 Experimental procedure

Experiments began by introducing gas-phase water into the CESAM chamber. After the
relative humidity within the chamber reached ~ 50%, gas-phase SO, (~ 4 mL at standard
temperature and pressure) was introduced into the chamber in a nitrogen flow. Typical
SO, concentrations within the chamber at the beginning of an experiment were ~ 800
ppb. In order to determine background wall loss within the chamber, SO, concentrations
were first monitored for ~ 1h in the absence of other species. Then, dust was introduced
into the chamber using the technique described in Section 6.2.2.1. After 30 minutes,
the chamber was illuminated. At this time, the relative humidity in the chamber was ~

40%. All experiments were performed at room temperature and atmospheric pressure.
6.2.2.3 Instrumentation

Gas-phase SO, concentrations within the chamber were measured using an ambient
sulfur dioxide monitor (APSA-370, Horiba). Particle number counts were measured
using a condensation particle counter (CPC model 3775; TSI"). Particle size distributions

were measured using an aerodynamic particle sizer (APS model 3321; TSI") and a
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scanning mobility particle sizer (SMPS; DMA model 3080, CPC model 3010; TSI").
6.2.3 Chemicals

Ti0, (anatase, = 99%) and Fe,O; (= 99%) were obtained from Sigma Aldrich. Arizona
test dust (0-5 pm) was obtained from Powder Technology Inec. Illite (IMt-1) was
obtained from the Source Clays Repository of the Clay Minerals Society. Sand
samples were obtained from Banizoumbou, Niger and the Ulan Buh area in the Gobi
desert, China.” TiO,, Fe,0,, and the Chinese sand sample were rinsed repeatedly in

deionized water to remove surface-sorbed sulfate prior to use.
6.3 Results

6.3.1 Knudsen cell uptake and photochemistry experiments
6.3.1.1 Dark uptake experiments

In order to gain insight into the dependence of SO, uptake on particle mineralogy,
mass-dependent uptake coefficients were determined for SO, at the surface of TiO,,
illite, Arizona test dust, and Chinese sand using the photochemical Knudsen cell. The

results of these experiments are displayed in Figures 6-2 and 6-3.

Experiments were not performed to characterize SO, uptake at the surface of Niger
sand as a function of sample mass. However, individual uptake experiments were
performed using both coarse (< 1000 wm) and fine (20-63 wm) fractions of the Niger
sand sample. As shown in Figure 6-4, a significantly larger loss of gas-phase SO, was
observed in the presence of the fine sample than in the presence of an identical mass

of the coarse sample.

All of the uptake experiments described in this section were performed under dark
conditions. In a set of preliminary experiments conducted under illumination, no

change in uptake behaviour was observed.
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Figure 6-2 Apparent initial uptake coefficients yo for SO, at the surface of a) TiO, and b) illite
as a function of sample mass.
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Figure 6-4 Uptake of SO, at the surface of 100 mg of coarse (< 1000 um; red trace) and fine
(20—63 um; blue trace) Niger sand. The plot shows the results of two separate experiments. The
black arrow indicates the time at which the samples were exposed to gas-phase SO,.
Experiments were conducted in the presence of gas-phase oxygen (~ 0.7 Pa), and both samples
were ground in a mortar and pestle prior to the experiments.

6.3.1.2  Photochemical production of sulfate at the surface of illuminated sand

The production of sulfate at the surface of illuminated coarse and fine size fractions of
Nigerien sand and Fe,O; upon exposure to SO, was determined using ion
chromatography. The results of these experiments are plotted in Figures 6-5 to 6-7.
For Nigerien sand (Figures 6-5 and 6-6), the sulfur content of SO,-exposed samples is
reported in terms of absolute sulfur (VI) and total sulfur (S*' + S") peak areas within

sample extracts. For Fe,O; (Figure 6-7), the sulfur content of SO,-exposed samples is
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reported both in terms of absolute sulfate peak areas S,s and fractional sulfate

content Sy, (Z.e. S/ST™ where ST = S™ 1+ SY) within sample extracts.
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Figure 6-5 Sulfur (V1) and total sulfur (S" + S"') at the surface of the coarse fraction of Nigerien
sand (< 1000 um; 150 mg) as a function of exposure to gas-phase SO,. The orange and black
squares represent the absolute peak areas for SO,-exposed sand samples under light and dark
conditions, respectively. Each data point represents the mean of three trials, each of which was
performed with a fresh sample.
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Figure 6-6  a) Sulfur (VI) and b) total sulfur (S + S"') at the surface of the fine fraction of
Nigerien sand (20-63 um; 150 mg) as a function of exposure to gas-phase SO,. The orange and
black symbols represent the absolute sulfur peak areas for SO,-exposed sand samples under
light and dark conditions, respectively. Each data point represents the mean of three trials,
each of which was performed with a fresh sample.
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Figure 6-7 Light-induced sulfate production at the surface of 20 mg of Fe,0s. Here, the red
circles and red triangles represent the fractional sulfate contents of SO,-exposed and control
sand samples, respectively (left axes). The blue circles and blue triangles represent the absolute
sulfate peak areas for SO,-exposed and control sand samples, respectively (right axes).

6.3.2 Atmospheric chamber experiments
6.3.2.1 Dust size distribution within the CESAM chamber

In the present experiments, dust was generated using a method designed to replicate
the natural processes responsible for the release of dust from source soils.” The APS
number size distribution of the generated dust within the CESAM chamber is shown
in Figure 6-8 as a function of residence time within the chamber. As illustrated by this
figure, the peak of the size distribution moved toward smaller particle diameters with
increasing residence time, which implies that the largest particles were preferentially

removed via sedimentation.
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Figure 6-8 APS dust particle number size distribution within the CESAM chamber as a function
of residence time (red = 0 min; orange = 30 min; yellow = 60 min; green = 90 min; blue = 120 min).
The black dashed line represents the peak of the size distribution immediately after injection (~
1.14 um). The APS measurements presented here are not corrected for dilution effects within
the chamber.

6.3.2.2 Background chamber reactivity: light-induced nucleation in the presence

of gas-phase SO,

In a set of control experiments designed to characterize background SO, nucleation
within the CESAM chamber, SO, was illuminated in the presence of gas-phase water
(RH ~ 40%) but in the absence of introduced particulate matter. As shown in Figure

6-9, this resulted in significant new particle formation.
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Figure 6-9 CPC particle count (particles cm™) within the CESAM chamber as a function of
illumination time reveals significant new particle formation, even in the absence of mineral dust.
The experiment was conducted with ~ 800 ppb SO, and at ~ 40% RH.

6.3.2.3 New particle formation in the presence of SO,, mineral dust, and light

As shown in Figure 6-10, illumination of SO, in the presence of gas-phase water
(RH ~ 40%) and NaCl particles (~ 100 nm diameter) results in a suppression of the
background nucleation observed in the absence of introduced particles. By contrast,
as illustrated in Figure 6-11, illumination of SO, in the presence of gas-phase water
(RH ~ 40%) and mineral dust produced from either Nigerien or Chinese source
samples leads to significant new particle formation. These experiments were
performed under similar particle surface area loadings (< 50% difference as

determined using SMPS and APS data).
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Figure 6-10 CPC particle count (particles cm™) within the CESAM chamber as a function of
illumination time in the presence of NaCl particles (~ 100 nm diameter; surface area loading
comparable within ~ 50% to that of dust experiments shown in Figure 6-11). These experiments
were conducted with ~ 800 ppb SO, and at ~ 40% RH. The black arrow indicates the time at which
NaCl particles were injected into the chamber. lllumination was halted at ~ 35 min. The apparent
stepwise increase and decrease in particle number upon initiation and cessation of illumination
arose from an electronic interference from the lamps and/or chamber cooling system.

6.4  Discussion

6.4.1 Uptake of SO, under dark conditions

As shown in Figures 6-2 and 6-3, SO, uptake is observed at all of the surfaces under
study. The highest uptake was observed at the surface of TiO,; the uptakes at the
surface of illite, Arizona test dust, and Chinese sand were comparable. The uptake of
SO, at the surface of each of these samples displays a quasi-linear dependence upon
sample mass. As outlined by Underwood and coworkers,” a linear correlation between

uptake and sample mass implies that the entire sample mass is accessible to the gas-phase
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Figure 6-11 CPC particle count (particles cm™) within the CESAM chamber as a function of
illumination time in the presence of dust produced from a) Chinese and b) Nigerien source samples.
These experiments were conducted with ~ 800 ppb SO, and at ~ 40% RH. The black arrows indicate
the times at which dust particles were injected into the chamber.
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reagent over the time scale of the uptake reaction. It should be noted, however, that
the uptake coefficients calculated at the lowest sample masses under study are
typically lower than would be expected for a truly linear relationship-this is
especially apparent for the illite, Arizona test dust, and China sand samples. This
observation is not without precedent for SO,, although it has generally been

. . . . 9 26
presented without comment in the atmospheric literature. 19, 36

As illustrated in Figure 6-4, the uptake of SO, at the surface of fine Niger sand is
significantly greater than at the surface of coarse sand. This observation may be
explained by the fact that larger sand particles contain higher relative quantities of

quartz (Si0,),” which is largely unreactive to SO,.”
6.4.2 Photochemical production of sulfate at the surface of illuminated sand

The first set of photochemical experiments was conducted using coarse sand samples
(< 1000 wm) from Niger. As illustrated in Figure 6-5, these natural samples contained
detectable quantities of both S"™ and S"' prior to SO, exposure. This observation is
unsurprising given the results of a recent field study, which found that dust-associated
sulfate in the Taklimakan desert of China originated primarily from the surface soil
itself rather than from post-mobilization atmospheric processing.” Exposure of these
samples to gas-phase SO, under illuminated conditions resulted in a substantial
increase in total sulfur but only a minor, insignificant increase in S*'. This result
implies that SO, is primarily taken up as sulfite or bisulfite at the source of coarse
Niger sand, even in the presence of light. Additional evidence for the insignificant role
played by photochemistry at the coarse sand surface is provided by the fact that both
the total sulfur and the S"' contents of the films were, within experimental error, the

same under dark and light conditions.

Recall from Section 6.4.1 that the uptake of SO, at the surface of Nigerien sand

displayed a distinet size dependence: significantly higher uptake was observed at the
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surface of fine (20-63 wm) sand than at the surface of coarse sand. Similarly, the fine
fraction of Niger sand exhibited enhanced photochemical activity —as illustrated in
Figure 6-6, illumination of fine sand samples during SO, exposure led to a small
enhancement in their total sulfur and S‘' contents over those observed under dark
conditions. These results provide some (limited) evidence for light-catalyzed

production of sulfate at the surface of mineral dusts in the atmosphere.

The smallest size fractions of mineral dust are often enriched in photoactive minerals,
including Fe and Ti. % As shown in Figure 6-7, highly efficient sulfate production
was observed at the surface of Fe,O; samples exposed to SO, and light. This result
provides evidence, although indirect, that Fe-mediated chemistry may have
contributed to the enhanced photochemical activity observed for the fine fraction of

Niger sand.

6.4.3 Illumination of mineral dust in the presence of SO, leads to new particle

formation

As shown in Figure 6-9, SO, undergoes light-induced nucleation in the CESAM
chamber even in the absence of mineral dust. This apparent homogeneous nucleation
is well-known in the atmospheric community, although its mechanism is still not fully

he fe
understood.™

In order to control for this chamber artefact, SO, was illuminated under identical
experimental conditions but in the presence of NaCl particles, which would be
expected to provide sufficient depositional/reactive surface area to suppress
homogeneous nucleation. Indeed, the presence of NaCl particles did suppress
nucleation: as shown in Figure 6-11, no particle formation was observed under these
conditions (the small apparent stepwise increase in particle number upon illumination
is attributable to a currently unresolved electronic interference from the lamps and/or

chamber cooling system rather than to photochemistry within the chamber).



By contrast, as illustrated in Figure 6-10, illumination of SO, in the presence of Niger
or China dust samples led to significant new particle formation. Since these
experiments were performed using a similar total particle surface area to that
employed in the NaCl experiment, the mineral dust would also have been expected to
serve as a significant depositional sink for newly formed particles. The fact that net
production of particles (as opposed to suppression of background nucleation, which
was the case for the NaCl experiment) was observed in these experiments, therefore, is

consistent with the dust surface itself acting as a significant source of new particles.

These results echo those obtained by Dupart and coworkers,” who observed under
different experimental conditions that illumination of SO, in the presence of Arizona

test dust led to significant new particle formation.
6.4.4 Atmospheric implications

The results obtained in the present study suggest that SO, mineral dust interactions
under illumination may promote not only the production of sulfate at the mineral dust
surface but also new particle formation from gas-phase SO,. These results have
important climatic implications, since the first pathway has the potential to influence
the cloud-forming propensity of mineral dust aerosol and the second has the potential

to change the net scattering properties of mineral dust-containing air masses.

One of the most important observations made in this study is that the uptake and
photochemistry of SO, is enhanced at the surface of the fine fraction of Niger sand as
compared to the coarse fraction. The size distribution of advected dust is known to

44, 45

shift toward smaller diameters during long-range transport; the results obtained in
this study provide the first direct experimental evidence that the inherent
heterogeneous (photo)reactivity of advected dust may be enhanced as a result of this
transport-induced size fractionation. Since any increase in inherent dust reactivity

would be necessarily offset during transport by dust particle dilution, transport-
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induced reactivity enhancements would be expected to be most pronounced in
polluted areas relatively close to source regions, where dust contributes significantly

to particulate mass loadings — Beijing and its industrial surroundings, for example.’

This observation of size-dependent reactivity underscores that it is critical to perform
laboratory experiments using realistically generated dust samples. The dust generation
method used for the CESAM chamber nucleation studies produced particles with a
modal diameter of ~ 1.1 um. These particles are similar in size to the smallest of three
particle populations (~ 1.5 um) produced in a laboratory study designed to investigate
the size distribution of mineral aerosol produced by wind erosion,™ and comparable

to the smallest of the two dust coarse modes typically observed in field campaigns./I7

The nucleation results obtained in the CESAM chamber, therefore, can be applied
directly to the ambient environment, at least with respect to the inherent reactivity of
the mineral dust under study. Further experiments should probe the photoinduced
formation of sulfate at the surface of these authentically generated dust samples,
however, since the reactivity of even the ‘fine’ Niger sample (20-63 wm) studied in the

present work would be expected to be less than that of ambient mineral dust.

Although these results are not discussed in this chapter, the experimental campaign in
CESAM also involved the measurement of dust size distributions using a broad range
of analytical instrumentation, including two GRIMM optical particle counters, a
WELAS light-scattering spectrometer, a scanning mobility particle sizer (SMPS), an
acthalometer, and a nephelometer. In future, the data obtained from these
instruments will be analyzed to see whether the uptake and photooxidation of SO,
leads to a change in the dust size distribution, perhaps as a result of enhanced dust
hygroscopicity and subsequent water uptake in the presence of surface-sorbed sulfate.
In addition, dust optical properties were measured using Fourier transform infrared

spectroscopy (FTIR). In future, these data will be analyzed to determine whether
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production of surface sulfate results in a change in the dust spectral signature in the

infrared region.
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Chapter 7

Conclusions and future directions

Contributions:

The manuscript was written by Sarah A. Styler, with critical comments from D. James
Donaldson.
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7.1  Summary of thesis results

“The photochemistry of gases adsorbed onto mineral dust particles is largely unknown...”
- Kolb et al., 2010'

Over a billion tons of dust are emitted into the atmosphere each year from source
regions in Africa and Central Asia.”> Once emitted, dust undergoes efficient long-range

transport, during which it can interact with industrial and urban pollutant plumes.lg"’

Although a number of laboratory studies have measured the uptake of gas-phase
pollutants at the dust surface,’ fewer have investigated the role that photochemical
reactions occurring on dust and other photoactive surfaces may play in influencing
the concentration and lifetime of gas-phase species typical of urban environments.
Fewer still have directly studied photochemistry on real mineral dust samples: the
majority of the experiments conducted to date have been performed using Ti oxides as

proxies for the photoactive components of mineral aerosol.”

My doctoral work focused on designing methods to explore the photochemical
reactivity of dust and other photoactive substrates in controlled laboratory settings. To
this end, I performed five separate studies, each of which explored a different aspect

of atmospheric heterogeneous photochemistry.

In the first study, I investigated the photoenhanced ozonation of pyrene, a
carcinogenic product of incomplete combustion, at three surfaces designed to mimic
different chemical attributes of “urban grime”, the complex chemical film that
develops on buildings and roadways in urban environments. I found that the
photochemical behaviour of pyrene depends strongly on the type of surface used to
mimic the urban grime environment: while the heterogeneous ozonation of pyrene
solid films displayed a light enhancement, the ozonation of pyrene at the air-octanol

film interface did not; moreover, the ozone-induced loss of pyrene at the illuminated
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air-aqueous interface not only occurred more quickly than in the dark but also
occurred via a different mechanistic pathway. These experiments highlighted a major
disadvantage of the typical reductive laboratory approach: there is no guarantee that a
molecule’s reactivity on simplified surfaces is representative of its reactivity in the real

environment.

In the second study, I explored the photochemical behaviour of atmospheric alcohols
on Ti0, and TiO,/KNO; films, which I used as proxies for the photochemically active
fraction of newly emitted and atmospherically processed mineral dust, respectively.® |
found that isopropanol was efficiently converted to acetone on the illuminated TiO,
surface, and that this conversion was enhanced in the presence of co-sorbed nitrate.
These results are important because they indicate that mineral dust has the potential
to catalyze the oxidation of non-absorbing species to those that are photochemically
active in the actinic region, and therefore serve as a source of reactive organic radicals
for further gas- or surface-phase chemistry. In addition, these studies serve as the first
demonstration that the photochemical activity of mineral dust may be influenced by

atmospheric processing.

In the third study, I investigated the photochemistry of oxalic acid, the most
atmospherically abundant particulate-phase dicarboxylic acid, at the surface of
Mauritanian sand and Icelandic volcanic ash.” These experiments showed that oxalic
acid is efficiently oxidized to gas-phase CO, on sand and ash surfaces, and that this
oxidation is catalyzed by Fe and Ti contained within these substrates. These results
provided the first evidence that aqueous-phase iron-catalyzed photochemistry may not

be the only substantial chemical loss mechanism for oxalic acid, especially in arid regions.

In the fourth study, I explored the atmospheric fate of fluorotelomer alcohols
(FTOHs), a class of chemicals used in the production of water- and oil-repelling
surface coatings." Using both surface- and gas-phase analytical techniques, I showed

that these compounds sorb strongly to sand and ash surfaces, where they can undergo
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photooxidation to yield toxic and persistent perfluorinated carboxylic acids (PFCAs).
These results suggest that the metal-catalyzed heterogeneous oxidation of FTOIHs may
act as a source of aerosol-phase PFCAs close to source regions. Furthermore, long-
range transport of these aerosol-sorbed PFCAs has the potential to join oceanic
transport and local gas-phase FTOI oxidation as a source of PFCA contamination in

remote Arclic regions.

In the fifth study, I moved away from dust-catalyzed organic chemistry to focus on the
light-mediated interactions of SO, with mineral dust. I found that illumination of
Niger and China sand in the presence of gas-phase SO, led to the production of
surface-sorbed sulfate; in the case of Niger sand, the uptake and photochemistry of
SO, were both enhanced at the surface of the fine fraction as compared to the coarse
fraction. These results are important because they provide the first direct
experimental evidence that the heterogeneous (photojreactivity of advected dust may
be enhanced as a result of transport-induced size fractionation. In a set of chamber
studies, I found that illumination of SO, in the presence of authentically generated

mineral dust led to substantial new particle formation.

The implications of the work performed in this thesis extend beyond the role that
mineral dust photochemistry may play in determining the atmospheric lifetime and
ultimate fate of the set of organic species studied to include issues as broad as human
health and climate. For example, the production of recalcitrant PFCAs from the
heterogeneous photooxidation of FTOHs represents a pathway for the enhancement
of urban particle toxicity. Mineral dust can also influence air quality indirectly: the
photooxidative production of light-absorbing species, for example, has the potential to
influence the local atmospheric oxidative capacity, and by extension the atmospheric
persistence of urban pollutants of health concern. The formation of new particles by
illuminated SO, dust mixtures is important in a climate context, since it provides a

mechanism by which the scattering activity of polluted air parcels may be enhanced.



Finally, since the dust-catalyzed oxidation of oxalic acid is accompanied by the
production of soluble Fe(ll) from insoluble Fe(IIl), this reactive pathway has the
potential not only to act as a sink for oxalic acid but also to enhance the extent to
which oceanic dust deposition promotes primary productivity, and thus atmospheric

CO, uptake.

7.2  Future research directions

The experiments performed in this thesis provide significant new insights into
heterogeneous atmospheric photochemistry at the surface of dust and other
photoactive substrates. However, our understanding of these processes is still far from
complete —the studies performed in this thesis represent virtually the only
comprehensive investigations of organic photochemistry at the surface of mineral
dust. It is obvious, therefore, that the scope of organic species and dust substrates
studied should be widened. What is less obvious, however, is how a project of this
magnitude should be approached. In the following sections, 1 highlight three
overarching strategies that I believe will improve our understanding of heterogeneous

photochemistry in an efficient and thorough manner.
7.2.1 Moving beyond model substrates

To date, the vast majority of experiments investigating heterogeneous photochemical
processes have been performed using model systems. An ideal model system must be
simple enough to allow researchers to extract a mechanistic understanding of
chemical transformations yet complex enough to capture the attributes of

environmental surfaces that fully define their reactivity.

While the model systems used to date have largely met the first criterion, it is not

always clear whether they have fulfilled the second: the assumption that the reaction

216



environment provided by simple proxy systems is sufficiently representative of that

provided by real environmental surfaces has rarely been interrogated.

Explicit evidence for the pitfalls of the typical reductive laboratory approach is
provided in Chapter 2, which reports the results of investigations of the
photochemical ozonation of pyrene solid films and pyrene at the air-aqueous and air-
octanol interfaces. Although each of these simple environments could be considered a
‘reasonable’ proxy for environmental surfaces, the behaviour of pyrene was different
at each. Which substrate 1s more ‘reasonable’, then? Which substrate best reflects the
characteristics of the real environments in which pyrene is found? How would one go
about inferring pyrene’s behaviour in the real environment from its behaviour at these
model surfaces? These are not easy questions to answer-— for this reason, most likely,

they are questions that are rarely asked.

One approach to addressing this challenge is to perform experiments using real
atmospheric samples. Some studies have already taken this approach: the uptake of
ozone has been investigated on depositional Saharan dust samples collected in the

Cape Verde islands, for example."

The use of depositional dust samples is not without disadvantages, however.
Experiments performed using these samples necessarily interrogate chemical
processes on an ensemble of particles that have been subject to a range of (largely
unknown) transport paths and gas-phase pollutant exposure scenarios. A first step
toward measuring the inherent reactivity of dust is provided in Chapter 6, where a

method for the generation of dust from authentic source samples is reported.

In my opinion, the following course of action will provide the greatest insight into

chemistry occurring at the dust surface:
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1. Build upon the method reported in Chapter 6 for the generation of dust
from source samples: develop laboratory techniques to mimic the various dust

generalion processes occurring in the real environment.

2. Measure the uptake, chemistry, and photochemistry of gas-phase species on

these authentically generated samples.

3. Characterize the size-dependent composition of these authentically
generated samples. Building upon the preliminary results reported in Chapter 6 for
the uptake and photochemistry of SO, at the surface of Niger sand, perform
experiments using size-selected dust samples, and look for correlations between

composition and (photo)reactivity.

4. Systematically expose dust samples to a variety of pollutants, both alone and
in combination. Then, perform experiments using dust samples that have been

subjected to this simulated atmospheric processing.

While I believe this approach will be useful for mineral dust, it will be less so for
urban grime’ and other complex photoactive surfaces, which are not emitted from
point sources but rather are formed in situ. For ‘urban grime’, I suggest the following

strategy:

1. Examine the uptake and reaction of trace atmospheric gases at the surface of
collected urban grime samples (see Baergen et al.”? for the first demonstration of this

strategy).

2. Explore the photochemical loss of semivolatile organic species at the surface
of urban grime. In order to circumvent issues of sample complexity, spike samples

with isotopically labeled versions of the compounds of interest.

Finally, as outlined in Section 1.4.2.2, humic acid has been shown to promote the

13, 14

photoreductive uptake of both NO, and O. Although this substrate has typically
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been used as a proxy for organic aerosol, it is also a major constituent of humic
substances, which in turn comprise the majority of organic matter in soils.” Tt is
reasonable to expect, therefore, that soils in agricultural regions downwind of urban
regions—the San Joaquin Valley in California, for example may serve as
photochemical reactive sinks for some urban pollutants. To date, however, no studies
have investigated this possibility. As a first attempt to address this gap in knowledge, 1
suggest that researchers investigate the photochemical uptake of O; and NO, at the

surface of agricultural soils.
7.2.2 Moving beyond ‘TiO,-type’ oxidative photochemistry

Studies of mineral dust photochemistry have largely been predicated upon the fact
that it contains TiO,, a known photosensitizer.”j For this reason, the majority of
studies investigating photochemistry at this surface have focused on semiconductor-

type oxidative processes.7

This implicit experimental bias, however, does not preclude the existence of other
mineral dust-mediated photoreactive pathways: in Chapter 4, for example, I showed
that the lifetime of oxalic acid at the mineral dust surface may be limited by iron-

mediated photochemistry.”

I recommend that future work in this area expand the working definition of
photochemistry beyond TiO,-mediated oxidative processes to include the following, as

yet largely unstudied, reactive pathways:

1. Studies have shown that illumination of insulating metal oxides and soil
surfaces leads to the production of singlet oxygen.”" 8 Reaction with surface-sorbed
singlet oxygen has the potential to be a significant loss pathway for gas-phase alkenes,

aromatics, and other electron-rich organic species."

2. The illumination of TiO, leads to the production of not only oxidizing holes

but also reducing electrons.' Although these electrons have been implicated in the
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photoreduction of NO, on the mineral dust surface,” their potential role in the
reduction of organic species has yet to be investigated. 1 recommend that the
photochemistry of halogen-containing organics, including polybrominated diphenyl
ethers (PBDEs) and biogenic organobromides, be investigated at the mineral dust

surface.

3. Mineral dust and ambient urban particulate matter both contain a wide
variety of trace metals,” the photochemical reactivity of which has largely been
unexplored. I recommend that the atmospheric chemistry community make a
concerted effort to engage with the catalytic and inorganic literature in order to
discover atmospherically relevant reactive pathways that may be the subject of much

study in different contexts.
7.2.3 Including heterogeneous organic photochemistry in atmospheric models

The results obtained in this thesis suggest that substrate-promoted heterogeneous
photochemistry may play a role in determining the atmospheric lifetime and ultimate
fate of a variety of organic species. Although a full assessment of the conditions under
which heterogeneous photochemistry represents a significant sink for organic
pollutants and/or a significant production pathway for oxidized particle-bound species
is beyond the scope of this work, I here apply results obtained in Chapter 4 to obtain a
simple estimate of the potential contribution of particle-phase photochemistry to the

removal of oxalic acid from the atmosphere under arid conditions.

As noted by Chebbi and Carlier, the primary loss process for carboxylic acids in the
atmosphere recognized to date is dry deposition.22 Assuming a boundary layer height
of 400 m and a deposition velocity of 1 em s'% the first-order depositional loss rate
for gas-phase oxalic acid is thus 0.09 h™', which corresponds to an atmospheric lifetime

of ~ 11h. Assuming an identical boundary layer height and a particle deposition

velocity ranging from 0.01-1 em s for small (< 1 um) and large (> 1 um) particles,
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respectively,” the first-order depositional loss rate for particle-phase oxalic acid ranges

from 9 x 10-0.09 h*', which corresponds to an atmospheric lifetime of 11-1100 h.

Field studies have shown that approximately 90% of oxalic acid is found in the particle
phase.z/' The overall non-reactive loss rate for oxalic acid in the atmosphere, therefore,
can be calculated by summing the weighted loss rates for gas-phase (i.e. 0.1 x 0.09 h™")
and particle-phase (i.e. 0.9 x [9 x 107-0.09 h']) oxalic acid. The loss rate determined in
this manner ranges from 9.81 x 107 h™' (i.e. in cases where oxalic acid is present at the
surface of small particles, which undergo relatively slow deposition) to 0.09 h™' (i.e. in
cases where oxalic acid is present at the surface of larger particles, which undergo

relatively rapid deposition). These loss rates correspond to an atmospheric lifetime of

11-102 h.

The results obtained in Chapter 4, however, suggest that particle-catalyzed
photochemistry may also contribute to oxalic acid loss in arid environments. At the
surface of Mauritanian sand, the rate of photochemical oxalate loss is ~ 7.56 h' (this
value is obtained from a first-order fit to the ion chromatographic data presented in
Figure 4-7). If we assume, as an upper limit, that this pathway is available to 20% of
particle-associated oxalic acid, then the loss rate of oxalic acid present in larger
particles can be determined by summing the weighted loss rates for particle-phase
oxalic acid present in non-reactive (#e. 0.8 x 0.09 h'') and reactive (i.e. 0.2 x [7.56 h'' +
0.09 h"D environments. The loss rate determined in this manner is ~ 1.6 h™' for both
larger and smaller particles (i.e. the particle size dependence in dry depositional loss

rates is insignificant when compared to photoreactive loss at the particle surface).

The overall loss rate for oxalic acid in the atmosphere —again calculated by summing
the weighted loss rates for gas-phase (i.e. 0.1 x 0.09 h') and particle-phase (.e. 0.9 x
1.6 h'']) oxalic acid —also increases substantially, to ~ 1.45 h™', which corresponds to an
atmospheric lifetime of ~ 0.7h. Clearly, this simple calculation suggests that the

particle-phase photooxidation of oxalic acid may contribute significantly to its loss in
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arid environments, where its atmospheric lifetime is otherwise determined by dry

deposition.

To my knowledge, only a few studies have attempted to model the contribution of

heterogeneous chemistry to the loss of organic pollutants,™ % and none have

considered heterogeneous photochemistry. I suggest, therefore, that researchers in
this field collaborate with experts in chemical modelling to develop strategies to

incorporate heterogeneous photochemistry into chemical fate and transport models.
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Chapter 8

Appendix—dust and ash absorption spectra
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Figure 8-1 Normalized UV-Vis absorption spectra of thin films of Niger sand (20—-63 um particle size;
blue trace) and Icelandic volcanic ash (red trace). Samples were ground in a mortar and pestle prior to
use. UV-Vis spectra were normalized to the maximum absorption over the wavelength range 360-800 nm.
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