CHEMICAL REACTIONS AT AQUEOUS INTERFACES

Thesis by

Chad David Vecitis

In Partial Fulfillment of the Requirements
for the Degree of

Doctor of Philosophy

California Institute of Technology
Pasadena, California
2009

(Defended March 13", 2009)



© 2009
Chad David Vecitis

All Rights Reserved



...: dedicated to my family ::..
ccclskk



ACKNOWLEDGEMENTS

Over the last six years as a graduate student at Caltech I have learned a great deal not
only about science and academics, but also about myself, and for this I give thanks. First
and foremost, 1 must thank Professor Michael Hoffmann, a model advisor and a great
friend. Professor Hoffmann allowed me the freedom to research a variety of topics in
environmental chemistry and discover my path. This freedom led to a broad knowledge
of the global environment, a variety of roles in collaborative projects, and an extensive
publication list. Professor Hoffmann gave me opportunities such as scientifically leading
a research project, teaching a graduate-level class, and giving presentations at
conferences and renowned institutions. All of these experiences, which were very nerve-
wracking at the time, have made me prepared and confident to take on a scientific career.
I have learned a great deal from Professor Hoffmann directly and by subtle or not-so-
subtle example. Professor Hoffmann has also been a great friend and was always ready
to listen and advise on personal issues. We bonded over many things such as our grand
ol’ birthplace (Wisconsin) and shared many good times, such as side adventures on
conference trips (Kegel’s Inn). It has been a great experience as well as an honor and
privilege to work in the Hoffmann Lab at Caltech.

During my time at Caltech, | have also had the honor to work with a number of
mentors. Dr. Brian Mader of 3M Company Environmental Laboratory taught me a great
deal about industrial-environmental and industrial-academic relations, the importance of
being well prepared well ahead of time, and the value of simplicity and cost efficacy in
engineering solutions. The collaboration with 3M allowed me the opportunity to lead a

scientific project, and Dr. Mader always gave me the respect and support needed to



succeed. We also have shared a number of good times outside the workplace, such as
Death Cab in Minneapolis and the Hookah Café in New Orleans. Dr. Agustin Colussi, a
Senior Research Associate at Caltech, has a great passion for science and taught me the
value of pre-experiment research, that even the simplest experiments can yield valuable
results, and helped me develop the poise to defend myself academically. Dr. Nathan
Dalleska of the Environmental Analytical Center at Caltech taught me about analytical
chemistry, and in particular the joys of mass spectrometry, by answering all of my
continual questions and allowing me to take apart, reconfigure and attempt to put back
together the instruments under his watch. As Dr. Dalleska’s Environmental Organic
Chemistry TA, | learned a great deal on class instruction and the difficulties of
maintaining student interest. And how could I forget the fun of hitting balls on the tennis
court and the short, but sweet, sailing career. | would also like to thank my thesis
committee of Professor Vincent McKoy, Professor Nathan Lewis, and Professor Jack
Beauchamp for taking the time to read my work, give helpful comments and suggestions
and listen to my arguments.

I owe many thanks to Jie Cheng and Professor Hyunwoong Park, with whom | have
collaborated on a number of projects. We made a great team on the fluorochemical
remediation project! And I think | still owe them a dinner. Jie and I initially worked
together on the ozone-electrospray project, which resulted in my first co-authored papers
at Caltech. | enjoyed the Chinese dinners with Jie and Li, even if my brother was scared,
and the Wii was always a fun time. Professor HP and | also collaborated on the
electrochemistry project and he showed by example the value of hard work. We had

many great discussions about science and life over morning coffee and | appreciated his



Vi

sound advice. Dr. Shinichi Enami and I collaborated on the ozone-electrospray project
and he was always ready for a beer or two. | would like to thank Tammy Campbell for
allowing me to mentor her on the fluorochemical project. Tammy’s success has given
me confidence for my future academic endeavors. | worked with Fabien Paulot on flow
tube construction and he was always up for a good chemistry discussion. Dr. Yajuan
Wang collaborated on AFFF sonolysis and assembled a great dim sum. It was a pleasure
to work with Professor Eileen Spain and Keegan Nelson of Occidental College. 1 would
also like to thank collaborators Professor Wonyong Choi, golf enthusiast, and Dr. Oleh
Weres.

My graduate experience at Caltech was enjoyable due to all the friendly and helpful
members of the Hoffmann and Keck labs. We spent many group meetings, celebrations
at the Hoffmann house, and Friday nights at the Ath together. Dr. Timothy Lesko
enthusiastically introduced me to the labs and everyone involved. Dr. Christopher Boxe
has shared many insightful post-Caltech experiences. Dr. Marcelo Guzman had a good
attitude on life and new perspective on any situation. Dr. Su Young Ryu always had
something interesting to say and could put together an excellent Korean meal. Dr.
William Balcerski was a good conversation, if available. Jina Choi always brought a
smile to the lab. Will Ford was a dutiful GSC chair and added a dash of spice to Keck 4.
Professor Janet Hering and her lab group gave helpful comments and suggestions during
group meetings. Rich Wildman’s organization of EHS and Swiss hospitality were both
great experiences. | thank Fran Matzen, Cecilia Gamboa, Linda Scott, and Mike
Vondrus for keeping the lab and department running smoothly. And 1’d like to thank

those who inspired me to undertake a scientific career, my undergraduate research



vii
advisor, Professor Howard Fairbrother, and my Science Olympiad coach, Al Stawicki,
a.k.a. The Great Pheoc.

I would also like to thank my running crew for making sure | had some fun and kept
my sanity over the years. This goes out to Dr. David Ebner, Dr. Erik Rodriguez, Dr.
Gavin Murphy, Dr. Cristal Gama, Dr. Heather Murrey, Adam Dennis, and Tammy
Campbell. We had many exciting times together and I’m sure the memories will make
great stories one day. And Erik has the pictures to make sure we remember them all! |
also had many good times with Philippe Martiny, Ryan Songco, Sky Rashby, and Will
Ford. Special thanks go out to the lovely Katherine Sirles for her persistence and
dedication, which brought us together and for going through the tail end of the journey
with me, which has been a bit more difficult than expected.

Finally, I would like to thank my family for their constant support of my academic
ventures from the beginning to the present. None of this would have been possible
without them. We have had many good times including but not limited to Caribbean
cruises, birthdays in Vegas, adventures in Mexico, and Wisconsin fun. | especially thank

my parents for all of their hard work over the years. Thank you!



viii

ABSTRACT

Interfaces or phase boundaries are a unique chemical environment relative to
individual gas, liquid, or solid phases. Interfacial reaction mechanisms and kinetics are
often at variance with homogeneous chemistry due to mass transfer, molecular
orientation, and catalytic effects. Aqueous interfaces are a common subject of
environmental science and engineering research, and three environmentally relevant
aqueous interfaces are investigated in this thesis: 1) fluorochemical sonochemistry
(bubble-water), 2) aqueous aerosol ozonation (gas-water droplet), and 3) electrolytic
hydrogen production and simultaneous organic oxidation (water-metal/semiconductor).
Direct interfacial analysis under environmentally relevant conditions is difficult, since
most surface-specific techniques require relatively ‘extreme’ conditions. Thus, the
experimental investigations here focus on the development of chemical reactors and
analytical techniques for the completion of time/concentration-dependent measurements
of reactants and their products. Kinetic modeling, estimations, and/or correlations were
used to extract information on interfacially relevant processes.

We found that interfacial chemistry was determined to be the rate-limiting step to a
subsequent series of relatively fast homogeneous reactions, for example: 1) Pyrolytic
cleavage of the ionic headgroup of perfluorooctanesulfonate (PFOS) and
perfluorooctanoate (PFOA) adsorbed to cavitating bubble-water interfaces during
sonolysis was the rate-determining step in transformation to their inorganic constituents
CO, COy, and F; 2) O3 oxidation of I',g) to HOI(5q at the aerosol-gas interface is the
rate-determining step in the oxidation of Briag and Cl g to dihalogens; 3) Electrolytic

formation of >TiOH* groups at the BiOx-TiO,/Ti anode is rate-limiting for the overall



oxidation of organics by the dichloride radical, Cl,*". We also found chemistry unique to
the interface, for example: 1) Adsorption of dilute PFOSq) and PFOA,q) to acoustically
cavitating bubble interfaces was greater than equilibrium expectations due to high-
velocity bubble radial oscillations; 2) Relative Oz oxidation kinetics of g and SOs*
/S,05% were at variance with previously reported bulk agueous kinetics; 3) Organics that
directly chelated with the BiO4-TiO,/Ti anode were oxidized by direct electron transfer,
resulting in immediate CO, production but slower overall oxidation kinetics. Chemical
reactions at aqueous interfaces can be the rate-limiting step of a reaction network and

often display novel mechanisms and kinetics as compared to homogeneous chemistry.
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