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Preface

Preface

Green chemistry is interdisciplinary by nature. This motivated me to pursue on
this course since the beginning of my Ph.D. The reason that I like to stand in the
interdisciplinary arena is because interfaces, to my believe, are the places where in-
novation burgeons and discovery thrives. What’s more, green chemistry orients all
these multiple disciplines toward the sustainability direction. To vault cross fields, in
my opinion, requires two fundamental conditions. One is an open-minded leadership
and the other one is a multidimensional research subject. Dr. Collin’s research group
and his research object TAML activators present such an opportunity. To study
the electronic structure, reactivity and mechanistics of TAML activators requires an
integration of knowledge from physical, theoretical, analytical, computational and
many other fields in chemistry. It embodies my vision of the anchor points for green

chemistry described in chapter 1.

Projecting green chemistry on to the combined basis based on its principles, challenges
and technical domain maps out my Ph.D. training plan. Each chapter of this thesis
can reflect the connection between technical knowledge and green chemistry focal
points.

Chapter 1 — overview of green chemistry as an interdisciplinary arena

Chapter 2 — research at United Nations on the issues of persistent organic pollutants

and toxic elements
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Chapter 3 — theoretical study the electronic configuration of Co complexes and
analysis on the influence on electronic state by the ligand effects with the vision for
water splitting

Chapter 4 — theoretical study on nuclear tunneling effects in Fe(V) mediated inter-
molecular C-H bond activation to shed light on the reaction mechanisms that can be
potentially helpful to decontaminate hydrocarbons

Chapter 5 — application of TAML activators in degrading recalcitrant active pharma-
ceutical ingredient sertraline which shows TAML mirroring cytochrome P450 metabolism
Chapter 6 — application of TAML activators in degrading persistent and disruptive

active pharmaceutical ingredient prozac which inspires green pharmaceutical design

Looking back the distance I have covered during my Ph.D., every step I made was
under the strong encouragement and constant support from my advisors, friends and
family. I would like to take advantage of this opportunity to acknowledge the care
and help from you all.

Terrence Collins : Terry, it goes beyond my language capability to find the exact
right word to carry the precise meaning that I would like to present to you. I think
“open-minded leadership” is the closest I can think of for at the moment. In my view,
leadership and management are two different things. One is about “doing the right
thing” while the other one is about “doing things right”. There are many managers
in the world but hardly a good leader. Your vision into the future goes beyond
my imagination and your scope of knowledge is always of my admiration. Without
your leadership, no way the depth and the breath of my exposure during my Ph.D.
training could even be imaginable. Through working you, I learnt that freedom is the
summit of the mountain of humanity; however, the path to it is full of thorns and

thistles. Only the brave souls fueled with unshakable self-confidence and dauntless
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determination can sustain to their dream destination. I truly appreciate for all the
wisdom you have shared with me in the past years. They enlightened me both not
only how to do world-class science but also on how to be a man. Among all, what has
benefited me most is the inequivalent opportunities that have been fostered by your
leadership, with which I could attempt and achieve a multidimensional development

of myself.

Mark Bier : Mark, I still remembered the first time I sat in your class. Your highly
organized presentation really captured me. An idol of clearness has appeared. 1 was
immediately attracted to mass spectrometry. Under your directions, I have accumu-
lated a lot of knowledge of the field and it has benefited more than I can measure.
You're a person who is ready to lend your hand when need is around. Such a quality
makes me always look up to you and crave for opportunities to work with you. One
thing you told me that I still remember today is that “one of the responsibilities of a
professor is to help young people grow.” You said so and you did so. You have created
numerous opportunities for me to raise my horizon and expand my connections in
the field of mass spectrometry and the analytical society on a broader scale. I always
look forward a pleasant and rewarding experience when I have a chance to work with
you. I remembered the my first conference experience in US was attending the ASMS
conference with you in Philadelphia in 2009. I remembered the pleasant conversations
we had together while walking to the conference center for the ASMS conference in
Denver in 2011. I will never forget the most innovative CO, artwork project under
your supervision in 2012. I can not say thank you enough for the countless help on
mass spectrometry and many opportunities for career development. In one word,

working with you always makes me feel fulfilled.

Emile Bominaar : Emile, you are probably the deepest person I have seen so far in

my life. I feel like I am a person who always attempts to go a bit deeper whenever
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possible. This kind of mentality makes it not easy for me to reach satisfaction while
seeking solutions to a problem or an explanation for an interesting observation. Some-
times, I even feel it is hard to share my feelings with someone even. But things have
changed since I started working with you. You seem to know all the fundamentals
and based on that your analysis always comes out convincing. I really feel lucky to
have the chance to work on the Co electronic structure and the nuclear tunneling
project. Through those projects and many personal conversations, I feel my horizon
on quantum mechanics has been upgraded significantly. In addition to the deepness of
your scientific knowledge, I am really amazed by your way of presenting the answers
to the questions in perceptible ways. Sometime I am sloppy at math derivations.
After working with you, I gradually become clearer and better organized. That is a
tremendous improvement for me. Apart from your superior intelligence, I also admire
that you're a caring person. You create a lot of opportunities for your students to
learn better and achieve more. I really cherish the opportunity of working with you
and truly appreciate the generous help from you. You have built a great professor

imagine that I always look up to.

Catalina Achim : Catalina, you are the person who updated my view of chemistry.
You class of transition metals was the start point for me to implement the molecular
orbital theory in practicing chemistry. I can not tell how much it meant to me in revo-
lutionizing my stance in chemistry. The ethics and communication issues in scientific
research class coinstructed by you and Rongchao was extremely valuable to students
who feel like taking academics as their career path. Apart from scientific advice, I
also had a lot communications with you regarding to my career development. Your
advice and suggestions helped me reorient myself multiple times in the directionless
sea between now and future. I would like to thank you for all scientific knowledge

and career advice from you. I believe they will guide me further on my professional
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path.

Colin Horwitz : Colin, I want to take this opportunity to thank you for the all the
help from you. I consulted your advice multiple times on the sertraline and fluoxetine
degradation projects. Your scientific insight was indeed very helpful for me to conceive
strategies to tackle those challenging problems. You're a very open-minded person.
A lot of kind advice from you on my career development was enlightening and your
constant encouragement was extremely important to me. Many thanks.

Alexander Ryabov : Sasha, you opened the door of chemical kinetics to me. It was
a pleasant acquaintance. You also offered a lot of constructive suggestions on the
revision of my sertraline manuscript. I also want to appreciate that. In addition, you
also have organized many social occasions in the past years. I also enjoyed all those
events.

Dwight Tshudy : Dwight, we had a great collaboration on the sertraline and fluox-
etine projects. You knowledge on chromatography injected howling momentum to
the progress of these two projects. I have learned tremendously on chromatography
through working with you. I really appreciate your help.

Michael Hendrich : Mike , I want to thank you for introducing the fundamentals of
EPR and Mdossbauer spectroscopy to me. My exposure to these two fields dramatically
elevated my scientific stance. Up to day, I still enjoy digesting the knowledge whenever
I can. I asked a lot of questions when I was in your class. Some of them were quite
naive when I look at them today. Regardless, you were always patient with me and
found time to help me. That really touched me as a student. I want to say “thank you”
for all the time from you to help me gain deeper understanding on paramagnetism of
transition metals. Their values are beyond measure to me for now and future.
Tomasz Kowalewski : Tomek, it was unforgettable time to work with you and Rongchao

in Lab IV in 2009. My knowledge and skills on mathematica was tremendously en-
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hanced through this experience. The unmatchable analytical and graphing capability
of this wonderful software really empowered me incalculably on my research. All the
figures of chromatograms, mass spectra, UV-Vis spectra, kinetic data analysis, and all
the mathematical derivations were produced using mathematica. I really appreciate
that I got access to this omnipotent skill through working with you.

Miguel Llinas : Miguel, I'm so glad that I have attended the advanced NMR under
your instruction in 2010. It have not only boosted my vision on NMR, but also
enhanced my understanding of quantum mechanics. In addition, your affirmation on
the merit of my use of XTEX was real encouragement to me. I would like to thank
you as a great professor as well as a great guider.

Roberto Gil : Roberto , I'd like to thank you for all the help on the NMR spectroscopy.
It has become one key analytical techniques in my graduate research. The causal
NMR class in the Summer 2010 opened the door of NMR to me. Built on top of
that, I went further into the delicate and powerful technique. It was a fun as well as
rewarding experience.

David Yaron : David, I had discussions with you on the thermodynamic calculations
using gaussian. I have enhanced several fundamental concepts from talking with
you . Other than that, I also consulted you multiple times in regard to the future
opportunities in the theoretical trajectory. Your suggestions were always encouraging
and inspiring. I want to thank you for your help from multiple aspects.

Rongchao Jin : Rongchao, I felt very lucky to know you and work with you. I have
sought advice from you several times, either in your office or on the air plane back
to Pittsburgh, on the career development. Your analysis and suggestions were very
instructive to me. I truly appreciate that.

Gayathri Withers : Gayathri , you gave me a lot of help the NMR facility. It happened

that my research often times requires non-routine techniques on the NMR operations.

Doctoral Differtation - xix - Carnegie Mellon University




Preface

For my customized-request, you always tried to cover the extra miles to help me meet
my analytical needs. Because of the help from you, I was able to collect high quality

data for my research . I thank you for all the help from you in the past years.

Rea Freeland : Rea, my completion of my Ph.D. program is indispensable of all the
kind advice from you. I have consulted your advice at various stages of my Ph.D.,
sometimes at very short notice. Every time, you could find time to address my

concerns and suggest strategical plans for betterment. I really truly appreciate your

kind help.

Soumen Kundu : Soumen, we entered the program in the same year and have spent
a lot of wonderful times together. Your breath of knowledge and width of mind is of
my admiration. You're a countable colleague and a great friend. You have helped me
countlessly on organic chemistry. I enjoyed our wonderful and fruitful collaboration
on the Fe(V) C-H bond activation work. I also enjoyed the great runs and laughs we
had together. It was my great pleasure to have friend like you. I truly hope you can
enjoy your new research in Canada and hope to have chance to work with your again

in the future.

Evan Beach : Evan, I started my program by working with you. You set up a great
example for me in performing analytical chemistry in an organized and detailed man-
ner. In addition, your synthesis of sertraline ketone was an inestimable to the project
of sertraline. You also provided a lot of wise advice on my personal advancement. I

really appreciate all that I have learnt from you.

William Chadwick Ellis : Chad, it was really great to know you and have the oppor-
tunities to work with during my Ph.D. In my opinion, you are a good leader, not only
for your vision in science, but also from the care for the people behind you. I had an
unforgettable experience working with you the Co project. I had learned a lot more

than I can imagine through it. You also kindly offered a lot of advice on the career
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development. I can not tell how much gratitude I owe to you.

Natalya Khanina : Natalya, it was my great pleasure to work with you on the sertra-
line project. Your work on the quantitative analysis of sertraline degradation products
was fabulous and it resulted in a key figure in the publication. I very much appreciate
your work.

Matt DeNardo : Matt, we have spent a lot of times together to attend conferences or
other social events. You're such a knowledgeable and helpful person. I turned to your
help on organic chemistry and computer related issues for unnumbered times. You
helped me out munificently all the times. I don’t know how to say thank you enough
to you. I believe your intelligence and creativity will pave your way for a great future.
Karla Arias : Karla, you're one of the most friendly and helpful person I have ever
seen. We had a lot of great times together in multiple occasions. The trip to Eu-
rope in the summer 2012 was most unforgettable. I also enjoyed working with on
the environmental group sustainability projects. Steve helped us with a magnificent
photograph of the CO, artwork. I really enjoyed the great times I had with you and
Steve, and thank you both for all the help.

Iulia Sacui : Iulia, we hung out often since the beginning of our Ph.D. program.
You're such a great friend who always thinks for and cares about her friends. We
spent a lot of times together in many social occasions. I have learned a lot about
American culture from you. I hope you have been enjoying your postdoc experience
and start your new career.

Halimatu Mohammed : Hali, it is great to know you and become your friend along
the Ph.D. program. We had a lot of good times together. You taught me spiritual
power such as optimism and determination. I thank you very much for that. Also,
bring my thanks to Mohammed for the driving lessons.

Bethany Drake : Beth, it was a great experience to work with you in the lab. You're
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a very helpful, friendly and highly organized person. Through working with you, I
have learned a lot about planning and organization. You and Derek offered a lot
of help to me in terms of American culture and need for early settlement. We also
have attended many scientific meetings and social gathering together. It was an
unforgettable memory. I hope you enjoy your work at EPA.

Jesse Miller : Jesse, hacky sack buddy. I do miss those wonderful hacky sack times.
What I miss more is your character — ready to help and willing to offer. This virtue
is always worth my learning. I hope you enjoy your current work at EPA.

Ronald Ripper : Ron, I am very to get to know you and learn to operate Ion Chro-
matography (IC) under your instruction. Your knowledge on the instrumentation
and generous help under short notice was extremely important to my research. Many
thanks.

Valerie Bridge : Valerie, I can not even recall how many times I stopped by your office
to ask questions or help, and how many times you responded my quest amazingly
soon. You know all the details about the department and the university. When my
request is beyond your scope, you also helped to point me to the right directions. I
really appreciate all that help from you.

Sara Wainer : Sara, I received a lot of help from you on the matters such as classroom
reservations, supporting letters, and many others. Most of times, I needed quickest
answer that can be given to my questions. You provided the immediate help almost
every time. Thank you much for all you have done that have made all the processes
I need to go through smooth and straightforward.

Brenda Chambers : Brenda, you gave a lot of help to me during my Ph.D. period.
The one I remembered most clearly is the cater menu in 2011. It was my first time
to try to organize a seminar event. Lack of experience, I was desperate for advice on

best meal choice for the event with the limited budget. Your kind offer no difference
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from water to the thirst. Please accept my thanks for this and many other occasions
you have helped me generously.

Patsey Hadlock : Patsey, you helped most with my reimbursement request. Somehow
I usually missed something on the forms I submitted in. You were always patient and
helpful in getting them through after back and forth communication with me. I want
to thank you for all the extra time and effort you have spent to help me.

Heather Juzwa : Heather, it is a great pleasure to know you and work with in the ACS
local society. Your level of leadership is beyond measure. The working experience
with you indeed helped escalate my position on how to work with professionals. Please
accept my best thankfulness to you.

Eric Lanni : Eric, you're such a helpful and resourceful person on mass spectrometry
instrumentation. I’ll never forget the great experience I had together with you on
building the APPI (atmospheric photo ionization) source. At that time, I was just
beginner to mass spectrometry. You offered a lot of your time to help me. I'm ever
thankful to you for all your help.

Penlin Ye : Penglin, we knew each other for a long time. You helped me in multiple
aspects, ranging from driving to career advice. You're a super helpful person and a
great friend. I truly appreciate all the help I have obtained from you.

Zheng Cui : Zheng, you're a caring person and a great friend. You offered a lot of
kind advice to me and Yanhong. Your wisdom and foresight were priceless to us. I'm
super grateful for knowing you and being your friend.

Lirong Wang : Lirong, it is great to know you in the late stage of my Ph.D. You
offered a lot of suggestions to in my career development suggestions. I really want to
express my sincere thanks to you for all that help.

Matthew Stadler : Matt, you kindly offered a lot of kitchen goods when I just arrived

in Pittsburgh. Many thanks for that and a lot of help on other matters.
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In the end, I also would like to thank my family for their constant encouragement.
Without it, I could not imagine of going through the Ph.D. program.

Father, you have taught me so well on the mental fortitude by setting yourself as a
perfect example. The strong will power of recovery from the attack of a stroke has
spurred my momentum to charge toward my goal of life with full strength. Even
though there are meant to be hurdles and barriers on the way to my destiny, I am
hopeful and affirmative because of the dauntless virtue I have inherited from you. It
is the greatest fortune I can have and be proud of. I'm determined to keep the spirit
on and always pursue better and higher throughout my entire life. Thanks so much
father for that gift from you.

Jingjing, my lovely sister. Although you’re younger than me, you have endured a
lot more than I have by entering the real world much earlier. You're very successful
as a pharmaceutical professional. But the way to it is far way from easy. Your
determination and courage to chase after your dream is of my great admiration and
has inspired me in multiple ways. I wish all the best to you. I sincerely hope you can
attend my graduation ceremony in May.

Yanhong, my beloved. Your love and support to me deify all my words. I just
feel so lucky to be your husband that I could share with you all those laughs and
tears. I can not tell how much I admire your entrepreneurship and how much it has
encouraged me to be forward looking. I believe our dream will eventually come under

our collaborative effort. I love you.
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Abstract

Green chemistry concerns the scientific disciplines that support sustainability as their
zenith. Sustainability has both temporal and spacial dimensions. The addition of the
spacial dimension to it has significantly enhanced its visibility and horizon. Green
chemistry, as an important subset of sustainability, radiates broadly and this entails
a pursuer to choose their spectrum of interest. Therefore, I defined the technical
domain of green chemistry from my perspective. Through projecting green chemistry
onto the primary basis composed by the principle domain defined by Prof. Anastas
and challenges domain interpreted by Prof. Collins and the technical domain by my
definition, I mapped out my green chemistry trajectory. In a word, my Ph.D. training
can be summarized as a research journey of combating persistent organic pollutants,
characterizing the electronic signature of catalysts for renewable energy generation
and catalytically oxidizing active pharmaceutical ingredients and hydrocarbons via
a combinatorial avenues of computation, analysis and scientific inference. In view
of the problem space of green chemistry, seeking renewable energies and eliminating
persistent, disrupting or toxic compounds appear on the higher levels according to
Prof. Collins. 1T attempted to tackle all the four problems to certain degrees during

my Ph.D.

Energy has propelled the engine of human civilization for hundreds of years. Today,

the fossil fuels, the natural reserves we rely upon in the past, have approached their
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limit. More significantly, their continuing use shadows the sustainable future of hu-
man beings as well as the lives of all forms on this planet. An urgent need horizons
for better ways to capture and convert solar energy to carbon neutral forms of chem-
ical energy. The lesson from photosynthesis provides a promising answer — water
splitting. To mimic this process, developing catalysts for water cleavage becomes the
central theme. Among all the earth abundant and inexpensive elements, Co stands
out for its high efficiency and dual capability of water reduction and oxidation. Be-
tween the two, water oxidation presents the major challenge. Co(IV) was shown to be
the active intermediate in this chemical conversion. This highlights the importance
of precise characterization of the electronic structure Co containing catalysts. To this
end, I combined the spectroscopic information and DFT calculation to clarify the
literature ambiguity in the diagnosis of Co containing complexes, and theoretically

projects the avenue to acquire a Co(IV) electronic state in coordination complexes.

The study of eliminating persistent organic pollutants was performed in the United
Nations in the summer 2011. Apart from a technical summary of my research, I also
identified two important causes that impasse on many environmental issues between
nations. This signifies a global leadership that can unify and usher the international

strength toward the sustainable summit.

The research experience in the United Nations showed hydrocarbons and their halo-
genated derivatives are very resistant to natural attenuation. Then I started my
fervent pursuit of hydrocarbon hydroxylation study via theoretical modeling. Com-
paring theoretical with experimental studies, the reaction rates of [Fe" (O)(B*)| " with
ethylbenzene (EtBZ) and its isotope labeled species EtBZ-d10 differ in three respects:
(i) the initial [Fe¥(O)(B*)] " decay rate for the substrate EtBZ-d10 is slower than that
for EtBZ, (ii) the slope of the In (k/T) vs. 1/T plot of EtBZ-d10 is smaller than that

for EtBZ over the experimental temperature range, and (iii) the extrapolated tan-
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gents of the kinetic curves give a large, negative intercept difference, Int(EtBZ) -
Int(EtBZ-d10) < 0 at the limit 1/7" — 0. Theoretical analysis, based on density
functional theory calculations of thermodynamic parameters of the reaction species
and Bell’s model for tunneling through quadratic barriers, shows that (i) and (ii)
result from isotope-induced changes in both the zero-point energies and nuclear tun-
neling, whereas (iii) is exclusively an isotope mass effect on tunneling. The research
result points out nuclear tunneling has a significant contribution to the hydrocarbon
hydroxylation process. A theoretical model was proposed that can be used to predict

absolute rate constants outside the experimental fathomable range.

In addition to persistent molecules, endocrine disrupting chemicals also deserve spe-
cial attention. Active Pharmaceutical Ingredients (APIs) have been recognized as a
hot-spot environmental pollutants largely due to their high disrupting potency. These
anthropocentric synthetics compounds are mostly designed to aim at evolutionarily
conserved targets to trigger biological responses at minute levels and optimized for
extra degradation resistance for stable shelf lives. All these therapeutic benefits trans-
late into ecotoxicity concerns when the parent compounds or their metabolites are
released to the environment. A large body of literature has linked the exposure to
APIs to Biological disasters. Under such a context, I applied TAML activators to
treat to highly prescribed antidepressant drugs, Zoloft and Prozaic. The API for

each is sertraline and fluoxetine.

In the sertraline degradation study, I demonstrated that TAML activators at nanomo-
lar concentrations in water activate hydrogen peroxide to rapidly degrade this per-
sistent API. While all the API is readily consumed, degradation slows significantly
at one intermediate, sertraline ketone. The process occurs from neutral to basic pH.
The pathway has been characterized through four early intermediates which reflect

the metabolism of sertraline, providing further evidence that TAML activator /perox-
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ide reactive intermediates mimic those of cytochrome P450 enzymes. TAML catalysts
have been designed to exhibit considerable variability in reactivity and this provides
an excellent tool for observing degradation intermediates of widely differing stabili-
ties. Two elusive, hydrolytically sensitive intermediates and likely human metabolites,
sertraline imine and N-desmethylsertraline imine, could be identified only by using a
fast-acting catalyst. The more stable intermediates and known human metabolites,
desmethylsertraline and sertraline ketone, were most easily detected and studied using
a slow-acting catalyst. The resistance of sertraline ketone to aggressive TAML activa-
tor/peroxide treatment marks it as likely to be environmentally persistent and signals
that its environmental effects are important components of the full implications of
sertraline use.

Fluoxetine, represents the first member of the serotonin receptor reuptake inhibitors
(SSRIs) family and is one of the most successful among all members. Its top pre-
scription record among SSRIs and extra stability leads to prevalent occurrence in
the environment. Environmental studies showed that FLX can be toxic to aquatic
species at trace level of exposure and disruptive to their neurosystems. Therefore, it
is urgent to seek an environmentally friendly solution to diminish the harm FLX can
potentially bring to the environment. Treatment with TAML activators and hydro-
gen peroxide, fluoxetine was shown to be rapidly degraded to harmless endpoints. An
elusive intermediate along the degradation pathway was proposed and its fleet fate
was studied using DF'T calculations. The cascade breakdown feature of FLX under

TAML® /H,0, treatment inspires green pharmaceutical design.
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Chapter 1. Green Chemistry toward Sustainability — Challenges and Opportunities

1.1 Green Chemistry — an Interdisciplinary Arena

According to the definition by US Environmental Protection Agency (EPA), green
chemistry is the design of chemical products and processes that reduce or eliminate
the use or generation of hazardous substances. Green chemistry applies across the
life cycle of a chemical product, including its design, manufacture, and use.! Twelve
principles were formulated by Dr. Anastas and Dr. Warner as the framework of the
field.?

1. Prevention

2. Atom Economy

Less Hazardous Chemical Synthesis

Designing Safer Chemicals

Safer Solvents and Auxiliaries

Design for Energy Efficiency

Use of Renewable Feedstocks

S A

Reduce Derivatives

9. Catalysis

10. Design for Degradation

11. Real-time Analysis for Pollution Prevention

12. Inherently Safer Chemistry for Accident Prevention

Another interpretation of the focal points of green chemistry is provided by Dr.
Collins in his class at Carnegie Mellon University.® As seen in Figure 1.1, Dr. Collins
predicts six grant challenges in the green chemistry field — developing green syn-
thesis methodologies, developing chemistry processes to utilize renewable feedstocks,

developing safe energy strategies, design against the use toxic element in chemical
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processes, eliminating persistent molecular compounds, design against endocrine dis-
ruptors. The relative challenging levels among these six important questions in green
chemistry are ranked in an increasing order from bottom to top as indicated by the

upward arrow on the very right of Figure 1.1.

Endocrine Disruptors

PersistentMolecular Compounds

Toxic Elements

Safe Energy

Renewable Feedstocks

Green Synthesis

Figure 1.1: Paramount questions and great challenges in Green Chemistry presented
by Dr. Collins. Top four levels with fonts highlighted in pink denotes my devotion
during my Ph.D. research. Adapted from Prof. T. J. Collin’s lecture notes (Intro-
duction to Green Chemistry (09510), 2012 Spring, Carnegie Mellon University) with
permission.

The interpretation of green chemistry by Dr. Collins and Dr. Anastas defines two
domains for the field, i.e. the principle domain and the challenge domain. What
bridges these two domains is the interdisciplinary pathway. Green chemistry covers
a ever imaginable broadness in the scope of chemistry and interfaces with numerous

disciplines outside chemistry. With no attempt to be complete, here a few examples
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Chapter 1. Green Chemistry toward Sustainability — Challenges and Opportunities

are listed below. The fields have interfaced with green chemistry include but not
limited to organic chemistry,*© analytical chemistry,”® catalysis,” nano chemistry,'°
pharmaceutical chemistry,!! industrial processes,'? photophysical chemistry,'® com-

15,16

putational chemistry,!* toxicology, environmental policy!” and etc.

Given the broadness of green chemistry as an interdisciplinary arena mentioned above,
it necessitates an unconventional cross-boundary approach for study. It appeals to
be an ideal situation if one can be versatile and in-depth in each subjects in green
chemistry. However, for the given limited time for each man and unremitting progress
of science, it is probably unrealistic to master all the knowledge in such a broad front
as defined by green chemistry. Thus, a more rational and important approach for a
scholar in this field to define their own focus and range of technical interests. With
such a spirit, I defined my technical framework for green chemistry (Figure 1.2) and

presented it to my Ph.D. program graduate committee.

Figure 1.2 outlines a few scientific corner stones that I would like to anchor on and
in my vision that support the spin of the green planet on top. I'd like to call this
framework as the technical domain of green chemistry to my definition. Together
with the principle and challenges domains, I view three domains for green chemistry
and green chemistry can be interconverted between each other according to certain
rules. It is conceivable to project green chemistry onto the primary basis of the three

domains and one can chart the course of voyage in the green Pacific.

To pursue this ambitious and highly integrated green blueprint, an encouraging aca-
demic medium and a diversified research subject form the foundation. The open-
minded leadership of Prof. Collins and the TAML® activators developed under his
leadership provide such an opportunity. TAML® activators are a group of synthetic

efficient enzyme mimickers.!® Its invention opens the interests on theoretical study

19,20 21-23

of its electronic structure, characterization of active reaction intermediate,,
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INFERENCE
Statistics

Quantum Mechanics

Classical Mechanics

ANALYSIS
Metrics

Thermodynamics Electronics
Informatics Signal Processing
Chromatography
Spectroscopy
COMPUTATION
GNU
Programming
Network & Security
Scripts
LaTeX

Figure 1.2: Technical framework in support of the green summit

24729 jts application in renewable energy genera-

its reaction stability and reactivity,
tion® and its application in water purification.?%3! 36 Clearly, research on TAML®
activators spans a wide spectrum of scientific disciplines. Many of the publications
listed above are actually the fruitful outcome of collaborations among researchers with
diverse expertise. Needless to say, the central aim of TAML® activators at deliver-

ing environmental benefits and its physical nature as an interesting subject among

multiple discipline create a good topic for my Ph.D. study.

Up to this point, this ship to discover is almost ready to set for sail. But before

entering the endless ocean, a compass is a must-to-have instrument for directions
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when no landmark can be consulted. That compass is the sustainable ethics.

1.2 Green Chemistry and Sustainable Ethics

According to the Brundtland Commission of the United Nations on March 20, 1987,
sustainable development is “development that meets the needs of the present without
compromising the ability of future generations to meet their own needs.”3” In this
definition, the emphasis is placed on the strategical management of existing resources
with the mind for future needs. Undeniably, it constructed the ultimate destiny
for green chemistry as well as many other social and scientific sectors progressing
toward the future, although the long-run foresight might not be accessible by the
immediate vicinity philosophy. A more generalized definition of sustainability, given
by International Union for Conservation of Nature (IUCN), is the capacity to maintain
a certain process or state, as “improving the quality of human life while living within
the carrying capacity of supporting ecosystems”. 3% This definition covers the spacial
character of sustainability and stresses the conservation of the serving capacity of the

ecological system from now and on.

The capacity of ecosystems to be self-renewing, dynamically adaptive, and supportive
of humanity depends on interaction of networks and biogeochemical pathways.4%4!
However, this interwoven ecological system and its service function is being severely
damaged by imprudent human activities. Many chemicals and their products, de-
spite their intention for benefits, are detrimental to biodiversity, human health, and
the service functions of the entire ecosystem. It poses an alarming threat. If no
counteracting measures are taken to curb the trend in time and at the right scale,

the continuity of human civilization is endangered. The accumulative harmful effect

can certainly be foreseen to lead catastrophic effects for the future generations. But
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the damage indeed has already started and progresses with faster paces. So, in my
opinion, it is crucially important to position the concept of sustainability in the im-
mediate temporal and spacial perspectives to make aware the urgency of the issue
and desperate need for green innovations.

Sustainability, in my view, is the overarching guidance for green chemistry but not
limited to green chemistry. The walks of all lives and science of all disciplines need
to appreciate the significance of sustainable practice from all perspectives. With the

ultimate aim of sustainability in watch, green chemistry can be pursued.

1.3 Advanced Analytical Techniques in Environ-
mental Monitoring

To eliminate the treat, we should first identify and quantify the treat. Advance-
ment of analytical technologies provide an indispensable scope through which the
environmental contaminants can be exposed. Speaking of trace level detection, mass
spectrometry has to be mentioned for its known quality of searching a needle in a
haystack.

The foundation of mass spectrometry probably started with J. J. Thomson’s dis-
covery of electrons and determination of its mass-to-charge ratio in 1886. Later, he
constructed the first mass spectrometer in 1913 and observed isotopes for neon.*? In
1923, F. W. Aston measured mass defect using mass spectrometry.*® This sensational
discovery together with Albert Einstein’s deduction and later developed quantum
mechanics laid the foundation of nuclear fusion theory,** which can be the shortcut
toward to energy sustainable path if can be realized. This is another instance that
convergence of multiple disciplinary endeavors can pave the way for sustainability.

The most significant contribution to mass spectrometry or even the entire analytical

Doctoral Differtation -11 - Carnegie Mellon University




Chapter 1. Green Chemistry toward Sustainability — Challenges and Opportunities

society for the 20 century can probably be ascribed to the development of electron
spray ionization (ESI) on mass spectrometry by J. Fenn.*% The ionization mecha-
nism of ESI will be discussed below.

The overall ion formation process in ESI includes three major stages: production
of charged droplets from the electrospray capillary tip, repetitive shrinkage of the

charged droplets and the ultimate gas-phase ions formation, as schematized in Figure

1.3
Metal Plate
~100V
ESI Droplets
Taylor Cone @
Spray Needle D 5.
25 kv # %f‘gﬁ’ %%30 @ Mass
%) / @ Spectrometer
ESI Solution 89 o) N @ o0 ® © ® L@
— 9.@0 %y &G Y% e ®
g & G @ @
r DD
* ey -
‘Oxidation Excess Charge on Surface ﬂ@ 4%11_‘211)[1_
(]) Solvent and neutralized ions )
]

Tgay Current (i)
-+ —

2-5kV
power supply

Figure 1.3: Schematic drawing to illustrate the ionization mechanism in ESI.
Reprinted from N.B.Cech and C.G.Enke, Mass. Spectrom. Rev. 2002, 20, 364
with permission. (€©)2002 Wiley Periodicals, Inc.

e Charged Droplets Production

A voltage of 2 - 5 kV is applied between the metal capillary (ESI needle) and the
counter electrode. This potential can be positive or negative, depending on the an-
alytical purpose. For simplification, only the positive mode will be discussed here.

The metal capillary typically has the dimension of 0.2 mm O.D. and 0.1 mm 1.D.,
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located 1 - 3 cm away from the counter electrode. The high electric potential and
the narrow capillary leads to a strong electric field (£, ~ 10° V/m), which can be

evaluated by eqn (1.1).47

2V,
W v
r. In| —
Te

where V, is the applied potential, r. is the capillary O.D. and d is the distance between

E.=

the capillary tip and the counter electrode. The imposed strong electric field pulls
the cations moving downfield toward the capillary tip and drives the anions drifting
away from the surface, known as electrophoretic movement.*® As the electrostatic
force counterbalances the surface tension, a “Taylor” cone®” takes shape at the tip.
If the applied field is sufficiently high, the “Taylor” cone is destabilized and a fine
jet will emerge from the cone tip which degrades into charged droplets. The onset

potential for the electrospray to occur is given by Taylor. %’

Von =2 x 10°/y7. In (4—d) (1.2)
Te

where v is the surface tension of the spray solvent and r. is the ESI needle O.D.

It can be seen from the equation that there exits an inverse relationship between the
surface tension and the onset voltage. For instance, the onset voltage for methanol
is 2.2 kV, whose surface tension is 0.023 Nm~2 and that for water is 4.0 kV, whose

surface tension is 0.073 Nm—2.

e Charged Droplets Evaporation and Fission
The charged droplets shrink their volumes as a result of solvent evaporation. The
charge on the droplets is expected to be maintained during the evaporation process

because ion transfer from liquid to gas phase is highly endoergic.*” The net result of

Doctoral Differtation -13 - Carnegie Mellon University




Chapter 1. Green Chemistry toward Sustainability — Challenges and Opportunities

droplet surfaces diminish with charge conservation leads to accumulation of electro-
static repulsion on the surface. When a droplet’s diameter D and charge ¢ satisfy the

Rayleigh equation,® uneven coulombic fission occurs to produce offspring droplets.

¢ =8n’eyD? (1.3)

where ¢ is the permittivity of vacuum.
The offspring droplets usually carry off 2% of the parent mass but 15% of the parent

charge.®® The diameter of the offspring droplets can be approximated by eqn (1.3).5

e\ 2]1/3

d ~ B (E) ] (1.4)
where d is the diameter of the offspring droplet, v, p, e and K are the surface tension,
density, permittivity and conductivity of the solvent. It is shown in the equation
that size of the offspring is approximately independent of the parents. Relieving from
the coulombic stress, the offspring droplets continue to evaporate until approaching
the Rayleigh limit again and another fission will occur. This process repeats itself
to produce smaller and smaller droplets, as shown in figure 2. The time scale for
evaporation is usually on the order of hundreds of milliseconds. Also, as the droplet
sizes become smaller, the time span for the next generation droplets production is

shortened.

e Gas-phase Ion Formation

The offspring droplets undergo a series of successive fission steps and eventually lead
to gaseous ions. The final creation of gas-phase ions have been addressed by two theo-
retical models, the charge residue model (CRM), proposed by Dole and coworker, >33
and the ion evaporation model (IEM), proposed by Iribarne and Thomson.?%*> CRM

states that the successive fission process is continuously shedding offing offspring
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Figure 1.4: Scheme of droplets fission process in ESI. Reprint of P. Kebarle and L.
Tang. Anal. Chem. 1993, 65, 977A with permission. (©)1993 American Chemical
Society.

droplets until only a signal ion is left. IEM maintains that solvated ions are possibly
emitted from droplets directly when the electric field is strong enough and their radii
become small enough. Both models have found experimental support. The TEM is
usually involved in the production of small ions such as the conventional inorganic
and organic ions, while CRM is involved in the production of macroions such as the

globular proteins. 657

The electrophoretic process makes ESI a special continuous electric current device.
The electric circuit starts from the positive terminal of the power supply, enters the
solution via a metallic contact, follows the charged droplets arriving at the counter
electric plate and goes back into the negative end of the power supply, as depicted in

figure 1. In order to maintain the flow of current and keep the charge balanced in the
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solution, electrochemical oxidation reactions must occur at the liquid-metal interface

of the capillary. Thus, ESI can be viewed as a special electrolytic cell. %5

M(s) — M*"(aq) +2¢”
40H (aq) — O4(g) + 2H0 +4e

The amount of the electrons produced during the electrochemical reactions equal the
amount of the charge separated at the tip of the electrospray capillary. It is expected
that the oxidation reaction will happen predominantly on the the substance with the
lowest reduction potential, which can be the metallic electrode, the ions present in
the solution or the spray solvent itself.

When interfacing with chromatography, the hyphened technology demonstrated ex-
ceedingly power in scrutinizing the environmental media for chemical information. 6%-6*

In my research, mass spectrometry and coupled chromatography-mass spectrometry

were heavily employed in molecular structure elucidation and quantitation (chapter

5 and 6).

1.4 Active Pharmaceutical Ingredients (API) and
their Concerns in the Environment

Pharmaceuticals made of synthetic chemicals are designed to alleviate human patho-
logical syndromes or protect people from potential health threat. After completing
their clinical mission, pharmaceuticals or their active metabolites enter the second
phase of their life cycle after released into the environment. As result of advance-
ment of modern analytical techniques, active pharmaceutical ingredients (APIs) are
detected in trace amount level the environment, % %4 especially in water bodies, such

65,66

as waste water, surface water®” and even drinking water.®®% They soon were
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recognized as a hot-spot environmental pollutants.”™ Although the current environ-
mental concentrations of APIs are unlikely to pose acute toxicity to human being, 1"
the limited knowledge about chronic exposure and synergic effects places a question
mark in long-term risk assessment of APIs. Considering that these anthropocentric
synthetic compounds are mostly designed to aim at evolutionarily conserved targets
to trigger biological responses at minute levels and optimized for extra degradation
resistance for stable shelf lives, ™™ their potential link to ecotoxicity is worth spe-
cial attention.”™ A large body of report that link the exposure to APIs to Biological
disasters can found in literature. For example, a seven years of study shows that
estrogenic ingredients in birth control pills induced the feminization of fish in an ex-
perimental lake in Canada and collapsed the whole fish population.”™ Also, diclofenac
an anti-inflammatory drug has been found to cause 95% decline of Oriental white-
backed vulture population in a national park in Pakistan.”” Therefore, precautionary
principles should be born in mind toward APIs risk evaluation and management.

Currently, water treatment methods are inadequate to remove pharmaceuticals from
sewage treatment plants (STP).”® %2 Although, advanced sewage treatment methods

85 osmosis® etc) exist, their utilization is limited owing to the eco-

(e.g. ozonation,
nomic and sustainable consideration.®® Therefore, there is a great impetus to seek
for environmentally friendly and economically viable technologies to treat the current

pressing issue of pharmaceuticals in the environment.

1.5 Mimicking Enzymes in Decontaminating En-
vironmental Pollutants

Chemically speaking, there are two major ways to destroy a molecule, one is oxidation

and the other is hydrolysis. Oxidation is well availed by nature as a mechanism for
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living beings to fight against invasion of foreign substance, including pharmaceuticals.
Oxidation reactions is mainly catalyzed enzymes of the cytochrome P450 (CYP) su-
perfamily. 687 This process is termed as phase I metabolism in pharmacokinetics.®®

8991 To give a brief

The reaction mechanisms by P450 have been extensively reviewed.
overview, it can be categorized into hydroxylation, dehydorgenation and epoxidation
etc. The analysis and argument for the P450 reaction mechanism is primarily based
on the reactive species compound I (Cpd I).%! Spectroscopic characterization pointed
Cpd I is best described as a Fe(IV) unit exchange coupled to a ligand-based rad-
ical.”? To mimic superior effectiveness and efficiency of CYP450 for the purpose of
environmental decontamination, it is natural to build a catalytic unit with the similar
electronic identity as Cpd I.

TAML® activators are provide a ligand framework to host many metals. Fe has
been so far shown the outstanding performance in catalytic reactions. Spectroscopic
evidence plus theoretical analysis has established the identity of Fe" as the product
of exposure to peroxide.?® This reactive species is equivalent to Cpd I in CYP 450.
Kinetic mechanistic studies supported that TAML® activators are good peroxidase
mimickers. Given the fact that Fe TAML® activators functionally simulate CYP450
in theory and have an environmentally compatible elemental composition, it is ex-
pected this family of catalysts can find good use in sustainable water purification,

especially answering the challenging issues with pharmaceuticals in the environment.

This part of research is detailed in chapter 5 and 6.

1.6 Dissertation Roadmap

These three representations can be viewed as three domains for green chemistry,

viz principles domain (list 1.1), problems domain (Figure 1.1) and technical domain

Doctoral Differtation -18 - Carnegie Mellon University




1.7. References

(Figure 1.2). Green chemistry can be transformed among these domains and was
made integrable by choosing TAML activators as the integrand. Motivated by this
scientific and logical rationale, I set out my Ph.D. safari and built this album along
the way. To provide a roadmap for my trip, Table 1.1 is prepared. It illustrates the

connection among the three green chemistry domains for each chapter of this thesis .

Table 1.1: Green chemistry projection and mapping in three domains. Numbers
correspond to the items for the problems or principles domain. “C” represents “com-
putation”, “A” represents “analysis” and “I” represents “inference” as given in figure
Figure 1.2

chapter problems domain principles domain technical domain

2 2,3 1 A

3 4 6 C, 1A
42 9, 10 C, 1A
5 1,2 9,11 C, A
6 1,2 4,9, 10, 11 C, A

Y
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2.1 Introductory Remark

As stated in the chapter 1, the ultimate goal of green chemistry is to enable sustainable
development. To reach this defining goal, the development of environmentally benign
technologies upon which to base a sustainable civilization will be essential. But it will
not be enough. In my opinion, strong intellectual ties between green chemistry and
sustainability ethics will be required. Developing a global technical leadership that is
competent in managing resources for the welfare of the near and distant future will
also be a key element of success. To practice at integrating sustainability ethics and
green chemistry on a meaningful stage, I was fortunate in the summer of 2011 to be
able to join the United Nations to conduct research on how the world should embark

on the next phase of eliminating persistent organic pollutants (POPs).

2.2 Sustainable Development and Sound Chemical

Management

The unconstrained activities of man in transforming his surroundings has gradually
reached the scale that incalculable harm to health and the environment had already
been inflicted via the chemical contamination of water, air, soil, and living things.
The issues has become so conspicuous and pressing that the UN General Assembly
decided to convene the Stockholm Conference in 1972 with the focus on human in-
teractions with the environment. The meeting agreed upon a Declaration composed
of 26 principles concerning the environment and development:!

1. Human rights must be asserted, apartheid and colonialism condemned.

2. Natural resources must be safeguarded.

3. The Earth’s capacity to produce renewable resources must be maintained.
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4. Wildlife must be safeguarded.

5. Non-renewable resources must be shared and not exhausted.

6. Pollution must not exceed the environment’s capacity to clean itself.

7. Damaging oceanic pollution must be prevented.

8. Development is needed to improve the environment.

9. Developing countries therefore need assistance.

10. Developing countries need reasonable prices for exports to carry out environmen-
tal management.

11. Environment policy must not hamper development.

12. Developing countries need money to develop environmental safeguards.

13. Integrated development planning is needed.

14. Rational planning should resolve conflicts between environment and development.
15. Human settlements must be planned to eliminate environmental problems.

16. Governments should plan their own appropriate population policies.

17. National institutions must plan development of states’ natural resources.

18. Science and technology must be used to improve the environment.

19. Environmental education is essential.

20. Environmental research must be promoted, particularly in developing countries.
21. States may exploit their resources as they wish but must not endanger others.
22. Compensation is due to states thus endangered.

23. Each nation must establish its own standards.

24. There must be cooperation on international issues.

25. International organizations should help to improve the environment.

26. Weapons of mass destruction must be eliminated.

In 1987 in the World Commission on the Environment and Development, the UN

defined sustainable development as development that meets the needs of the present
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without compromising the ability of future generations to meet their own needs.? In
1992, the United Nations Conference on Environment and Development (UNCED)
was held in Rio and reached a framework convention on climate.® In 2000 the UN
listed environmental sustainability as one of the Millennium Development Goals.*
Judging from this historical record and from on-going efforts that I observed at the
UN, it is reasonable to assert that sustainability has reached the top of the UN’s
development agenda. However, numerous practices are blocking effective sustainable
development, among which the release of hazardous chemicals is the most formidable.
Chemical pollution continues to devastate biodiversity, harden soils and degrade the
land. Some chemicals are known to disrupt the hormonal control of cellular de-
velopment and signaling at environmentally relevant concentrations. The collective
phenomena, called endocrine disruption, are tectonic of significance to sustainability
as some everyday chemicals are clearly able to produce impaired organisms at tiny
concentrations. Moreover, evidence continues to mount that the adverse effects are
multi-generational. Numerous chemicals damage immune and reproductive systems
and cause cancer, often via endocrine disruption mechanisms Thus, the complexity
of the effects of chemicals on living organisms and the often attendant irreversibility
and trans-generational effects of the resulting damage represent massive challenges
to sustainability. To address the health and environmental challenges of chemicals,
the Stockholm Convention on Persistent Organic Pollutants (POPs)® was adopted
in May 2001 and entered into force in May 2004. Initially, twelve chemicals were
listed for restriction and elimination under three separate categories; 1. pesticides, 2.
industrial chemicals and, 3. unintentional by-products. Later at the fourth and fifth
Conference of the Parties (COP) in May 2009 and April 2011, another ten chemicals

were added, giving the present POPs list of twenty-two chemicals.

Examples of POPs are; organochlorine pesticides such as DDT, chlordane, and lin-
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dane, industrial chemicals such as polychlorinated biphenyl(PCBs), perfluorooctane
sulfonic acid (PFOS) and its salts and perfluorooctane sulfonyl fluoride (POSF), and
unintentional byproducts such as polychlorinated dibenzo-p-dioxins and dibenzofu-

rans (PDCD/Fs).

2.3 PCBs Elimination

Given the broad range, it is not feasible to cover every designated POP in the following
discussion. I have chosen PCBs as a representative set and I will discuss the current
state of technological approaches for eliminating PCBs.

PCBs are a set of 209 molecules comprising every possible case of chlorine for hydrogen
substitution on biphenyl. The physico-chemical properties of PCBs vary depending on
the chlorine content and substitution pattern. As the chlorine content increases, PCBs
range from light mobile colorless oils through thick syrups to light yellow resinous
solids . Other properties such as viscosity, melting point, boiling point, and density
etc. also vary according to the chlorine content. PCBs may have distinct odors
but many are odorless. They are highly soluble in non-polar organic solvents such
as mineral oils. They are chemically inert, thermally stable, flame-proofing, and
electrically insulating. When treated at extreme high temperature (1000°C) in the
presence of oxygen, PCBs decompose predominantly into carbon dioxide, water and
hydrochloric acid, and significantly also produce small quantities of polychlorinated-
p-dioxins/furans (FCDD/Fs).

The broadly useful technical properties of PCBs have inspired a wide range of ap-
plications. Large scale industrial production started in 1929 and was concentrated
in a relatively small number of countries : Austria, China, Czechoslovakia, France,

Germany, Italy, Japan, Russia, Spain, the United Kingdom and the United States.
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PCBs were marketed under a multitude of trade names. The primary manufacturer
in North America, Monsanto Chemical Company, marketed PCBs primarily under
the trade name, Aroclor. Aroclor refers to a mixture of phenyl compounds with dif-
ferent degree of chlorination, indicated by a four digit number system. For example,
Aroclor 1242 represents chlorinated biphenyl that is 42% chlorine by weight. The
primary uses of PCBs included dielectric fluids in transformers and capacitors, hy-
draulic fluids, plasticizers, flame-retardants, and adhesives etc., with dielectric fluids
accounting for 60% of the total use. According to Basel Convention,® any substance

or material with a PCB concentration greater than 50 ppm are considered as PCBs.

Once they have entered the environment, PCBs can easily cycle between air, water
and soil and exhibit extreme resistance to degradation. They are picked up into
the bodies of small organisms and fish in water, and efficiently migrate and magnify
up the food web.” Fat loving PCBs preferentially deposit in adipose tissues and the
liver.® Evidence has shown that PCBs have hepatotoxic potential, can disrupt thyroid
hormones, may alter immune status and neurological behavior, and cause menstrual
disturbance and sperm morphology.”?1? Some PCBs have dioxin-like properties and
are carcinogenic. To facilitate the risk assessment and regulatory control of PCB
mixtures, PCDD and PCDF, the concept of toxic equivalent factors (TEFs) were
initially developed in 19984 and reevaluated in 2005.'° Please see 2.6.1 for the TEF
values. By summing up contributions of individual TEF, one can calculate the toxic

equivalent (TEQ).

TEQ =Y PCDD; x TEF; + » PCDF, x TEF; + Y "PCB; x TEF;  (2.1)

The primary international efforts on PCBs elimination are described in Annex A,

Part II of the Stockholm Convention.® Parties to the Convention are obliged to elim-
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inate equipment and oils containing PCBs from use by 2025 and bring these under
environmentally sound waste management by 2028. The Annex A-C of Stockholm
Convention 2009 and an amendment to Annex A in 2011 were attached in the section
2.6.2. At the fourth conference of parties, the PCBs Elimination Network (PEN)
was formed with the aim of improving coordination and cooperation among stake-
holders from different sectors with the goal of achieving the environmentally sound

management of PCBs.

In terms of technologies, there are several effective options for PCBs destruction. !¢

High temperature incineration is the most widely used. When performed properly,
this technology can destroy PCBs up to 99.9999%. However, when inadequately
executed, the risks of emissions of harmful substances are high. Another high tem-
perature method is called “plasma arc”. The plasma is created by arcing high current
density. Inert gas under pressure is passed through the arc into a sealed container
of waste material, reaching temperatures up 15,000 °C. At these temperatures, most
types of waste are broken into atomic components in a gaseous form. A separate
technology is to abstract halogens from hydrocarbons using hydrogen atoms. One
approach focuses on reacting hydrogens with PCBs at high temperature (850°C) and
low pressure, yielding primarily methane and hydrogen chloride and “minor” amounts
of other low molecular weight hydrocarbons, including benzene. The destruction effi-
ciencies are 99.9999% for PCBs. A separate approach relies on generating hydrogen
atoms via a patented technology that is based on catalytic decomposition in a ba-
sic environment. It involves treatment of liquid and solid wastes in the presence of
a reagent mixture consisting of a high boiling point hydrocarbon, sodium hydroxide
and a proprietary catalyst. When heated to about 300°C, the system produces highly
reactive hydrogen atoms that proceed to cleave carbon and chlorine bonds. Metallic

sodium can be used to destroy PCBs in mineral oil. The approach has been used
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widely for in-situ removal of PCBs from active transformers. Another approach uti-
lizes super-critical water oxidation. At temperatures and pressures above the critical
point of water (374°C and 22.1 MPa), organic materials become highly soluble in
water and react rapidly with oxygen or hydrogen peroxide to produce carbon dioxide,
water and inorganic acids or salts.

Based on my studies, it is clear that significant progress has been made in combating
POPs. However, the journey has been long and hard, and PCBs are only one set
among the 22 POP challenges. Today, the extremely toxic pesticide aldicarb, a single
drop of which is capable of killing an adult human, is still being used extensively in
the US and 25 additional countries.'” Annually, between 1% and 3% of farm workers
worldwide suffer from pesticides poisoning and 1 million require hospitalization.!”
A combination of coal burning and the use of illegal pesticides is being blamed for
causing abnormally high rate of birth defects in countries such as China.!® Countless

tragic stories caused by poor management of chemicals reoccur year after year. Why

has it been so difficult to end this chemical mayhem?

2.4 Outlook

After much back and forth pondering, I have identified in my own mind two dominant
causes for the current stalemate. The first cause is the divergence of value systems.
What might mean a great deal to some might mean little to others. For example,
what is the value of nature? To the American Indian, it provides the life-dependent
sustenance and should be lived in complete harmony with. On the other hand, to the
western explorers of America, the unspoiled wilderness was a huge blank canvas, which
had long been waiting for the human touch to paint a picture. The value of nature

was its potential for exploitation, an exploitation that is not bounded by nature’s
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resilience. Over time, many people in America gradually developed an increasing
appreciation of the beauty and value of nature of its own sake, and started realizing
its vulnerability and determined to preserve the vestige of the once abundant and
self-sustaining ecological system. Two groups of opinions on the value of nature,
entrepreneurial utilitarianism vs. environmental conservationism, formed and the
chasm between them kept widening. As industrialization further expanded and nature
was ever more forcefully adapted to suit the near term human needs, the tension
between environmental conservation and exploitation deepened and became seemingly
irreconcilable. Today, the current dominating anthropocentric and monopolar value
systems still ascribe little value to protecting nature out into the distant future, which
is the very essence of sustainability. The second cause will go by a term that I will
now coin and define. The term is “first-personism”, which means the concerns of one
person do not necessarily go beyond their first-hand personal experience. Now let me
elaborate it by a conversation between a business professional and myself in New York
in the summer of 2011. It began with my worrisome description of the current global
climate change scenario and the urgency for curbing its encroaching sustainability.
Somehow this appearingly self-evident issue did not resonant with Lily. She told
me that she could not sense the urgency of the climate change simply because she
has not been affected personally. Even although she had learned from the news that
communities in south Asia were more frequently flooded nowadays, she claimed it was
very hard for her to imagine the impact of such disasters due to the lack of personal
experience in America. Apparently, even the impact of Katrina on New Orleans was
not close enough. Apparently, only a first-hand experience would suffice to deliver
the appropriate understanding. What’s more, she assured that she was representing
the average American with this point of view. Accepting this face value, it would be

no wonder about the resistence to the Kyoto protocol.
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Obviously, the difference in opinions exists. Obviously, the task is huge to get people
to think broadly. But one should not forget that status quo is nothing unbreakable.
The foundational ideas of human civilization have been immensely varied historically
and are constantly evolving. The seven continents were once thought never to have
been one. Electrons were thought not to spin. Enzymes were thought to be nothing
more than proteins. But all these ideas have been proved wrong with the progress of
science. It is science that redirected our thinking and expanded our vision. What has
fueled the flame of science is the desire of human beings to understand reality and
use that understanding to improve the human condition. Looking back into history,
from the clean air act to the clean water act, from snowmobiles in Yellowstone to
oil pipelines in Alaska, many environmental struggles have ended up as arguments
over whether or not science and technology could provide solutions to the attendant
technology-induced pollution problems. The question is often whether or not tech-
nology can dig us out technology-derived problems. As the body of environmentally
compatible technologies and polices has grown, we have achieved cleaner air and wa-
ter and improved health. Many environmental problems have been solved at local
levels employing both technological and policy tools where the people who have forced
and /or enacted the solutions are the same people who were experiencing the adverse
effects of pollution. Because of the way the cause-and-effect dynamic is experienced,
local problems are far easier to solve than global problems. At the global level,
numerous technologies are slowly wearing down the ecosphere in ways that are not
immediate apparent to the polluters. Industrial chemicals and pharmaceuticals are
good examples. This set of human-made products were created with the intention of
bettering the human condition or improving human health. But often, the near-term
advantages are gained at the expense of long-term sustainability and this dynamic is

extremely difficult to counteract given the way our civilization has evolved.
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Ultimately, sustainability demands that all technologies are essential to the function
of civilization are compatible with the long-term common good. This means there
is a great need for promoting green science and technologies and for developing a
global leadership that can competently align civilization building and sustainability.
Such a leadership would care about all nations. It would not allow less advantaged
jurisdictions to become the repositories of hazardous waste or other forms of wealthier
countries exploiting poorer countries. Solutions to environmental problems would be
framed on the global scale whenever appropriate. A competent global sustainability
leadership would belong not to individual nations but would instead unite all nations

in pursuing sustainability.
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2.6 Appendices

2.6.1 TEF Values

Table 2.1: TEF values by WHO

Compound WHO 1998 TEF WHO 2005 TEF

chlorinated dibenzo-p-dioxins

2,3,7,8-TCDD 1 1
1,2,3,7,8-PeCDD 1 1
1,2,3,4,7,8-HxCDD 0.1 0.1
1,2,3,6,7,8-HxCDD 0.1 0.1
1,2,3,7,8,9-HxCDD 0.1 0.1
1,2,3,4,6,7,8-HpCDD 0.01 0.01
OCDD 0.0001 0.0003

chlorinated dibenzofurans

2,3,7,8-TCDF 0.1 0.1
1,2,3,7,8-PeCDF 0.05 0.03
2,3,4,7,8-PeCDF 0.5 0.3
1,2,3,4,7,8-HxCDF 0.1 0.1
1,2,3,6,7,8-HxCDF 0.1 0.1
1,2,3,7,8,9-HxCDF 0.1 0.1
2,3,4,6,7,8-HxCDF 0.1 0.1
1,2,3,4,6,7,8- HpCDF 0.01 0.01
1,2,3,4,7,8,9-HpCDF 0.01 0.01
OCDF 0.0001 0.0003
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non-ortho substituted PCBs

PCB 77 0.0001 0.0001
PCB 81 0.0001 0.0003
PCB 126 0.1 0.1
PCB 169 0.01 0.03
mono-ortho substituted PCBs
105 0.0001 0.00003
114 0.0005 0.00003
118 0.0001 0.00003
123 0.0001 0.00003
156 0.0005 0.00003
157 0.0005 0.00003
167 0.00001 0.00003
189 0.0001 0.00003
References 41
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Annex A ELIMINATION
Part |
Chemical Activity Specific exemption'
Aldrin* Production None
ChS e 502-00-2 Use Local ectoparasiticide
Insecticide
Alpha hexachlorocyclohexane* | Production None
CAS No: 319-84-6
Use None
Beta hexachlorocyclohexane* | Production None
CAS No: 319-85-7
Use None
Chlordane* Production As allowed for the Parties
CAS No: 57-74-9 listed in the Register
Use Local ectoparasiticide
Insecticide
Termiticide
Termiticide in buildings and dams
Termiticide in roads
Additive in plywood adhesives
Chlordecone* Production None
CAS No: 143-50-0
Use None
Dieldrin* Production None
CAS No: 60-57-1 . .
Use In agricultural operations
Endrin* Production None
CAS No: 72-20-8
Use None
Heptachlor* Production None
ChS ez Jo-1n-g Use Termiticide
Termiticide in structures of houses
Termiticide (subterranean)
Wood treatment
In use in underground cable boxes
Hexabromobiphenyl* Production None
CAS No: 36355-01-8
Use None
Hexabromodiphenyl ether* Production None
e Use Articles in accordance with the

heptabromodiphenyl ether*

provisions of Part IV of this Annex

STOCKHOLM CONVENTION ON PERSISTENT ORGANIC POLLUTANTS
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‘ Chemical Activity Specific exemption'
Hexachlorobenzene Production As allowed for the Parties
CAS No: 118-74-1 listed in the Register
Use Intermediate
# Solvent in pesticide

Closed system site limited
intermediate?

Lindane* Production None

’ CAS No: 58-89-9 Use Human health pharmaceutical for

control of head lice and scabies
as second line treatment

Mirex* Production As allowed for the Parties
CAS No: 2385-85-5 listed in the Register
Use Termiticide
Pentachlorobenzene* Production None
CAS No: 608-93-5 Use None
Polychlorinated Production None
¥ Sl (D Use Articles in use in accordance with

the provisions of Part Il of this Annex

Tetrabromodiphenyl ether* Production None
and
pentabromodiphenyl ether*

Use Articles in accordance with the
provisions of Part V of this Annex

Toxaphene* Production None
CAS No: 8001-35-2

Use None

Notes:

(i)  Except as otherwise specified in this Convention, quantities of a
chemical occurring as unintentional trace contaminants in products
and articles shall not be considered to be listed in this Annex;

1 Please note that, as at 17 May 2009, there were no Parties registered for the specific exemptions

listed in Annex A pertaining to aldrin, chlordane, dieldrin, heptachlor, hexachlorobenzene, and mirex.
Therefore, in accordance with paragraph 9 of Article 4 of the Convention, no new registrations may be
made with respect to such exemptions, which appear in grey text in the table.

2 Please note that, although the specific exemption for the use of hexachlorobenzene as closed-

system site-limited intermediate is no longer available, this use is still possible in accordance with note
(iii) of Part | of this Annex.

STOCKHOLM CONVENTION ON PERSISTENT ORGANIC POLLUTANTS
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(ii)

(iii)

This note shall not be considered as a production and use specific
exemption for purposes of paragraph 2 of Article 3. Quantities of
a chemical occurring as constituents of articles manufactured or
already in use before or on the date of entry into force of the relevant
obligation with respect to that chemical, shall not be considered as
listed in this Annex, provided that a Party has notified the Secretariat
that a particular type of article remains in use within that Party. The
Secretariat shall make such notifications publicly available;

This note, which does not apply to a chemical that has an asterisk
following its name in the Chemical column in Part | of this Annex,
shall not be considered as a production and use specific exemption
for purposes of paragraph 2 of Article 3. Given that no significant
quantities of the chemical are expected to reach humans and the
environment during the production and use of a closed-system site-
limited intermediate, a Party, upon notification to the Secretariat,
may allow the production and use of quantities of a chemical listed
in this Annex as a closed-system site-limited intermediate that is
chemically transformed in the manufacture of other chemicals that,
taking into consideration the criteria in paragraph 1 of Annex D,
do not exhibit the characteristics of persistent organic pollutants.
This notification shall include information on total production and
use of such chemical or a reasonable estimate of such information
and information regarding the nature of the closed-system site-
limited process including the amount of any non-transformed and
unintentional trace contamination of the persistent organic pollutant-
starting material in the final product. This procedure applies except
as otherwise specified in this Annex. The Secretariat shall make
such notifications available to the Conference of the Parties and
to the public. Such production or use shall not be considered a
production or use specific exemption. Such production and use shall
cease after a ten-year period, unless the Party concerned submits a
new notification to the Secretariat, in which case the period will be
extended for an additional ten years unless the Conference of the
Parties, after a review of the production and use decides otherwise.
The notification procedure can be repeated;

All the specific exemptions in this Annex may be exercised by Parties
that have registered exemptions in respect of them in accordance with
Article 4 with the exception of the use of polychlorinated biphenyls in
articles in use in accordance with the provisions of Part Il, which may

STOCKHOLM CONVENTION ON PERSISTENT ORGANIC POLLUTANTS
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be exercised by all Parties, the use of hexabromodiphenyl ether and
heptabromodiphenyl ether in accordance with the provisions of Part
IV, and the use of tetrabromodiphenyl ether and pentabromodiphenyl
ether in accordance with the provisions of Part V of this Annex.

Partll  Polychlorinated biphenyls

Each Party shall:

(a) With regard to the elimination of the use of polychlorinated biphenyls in
equipment (e.g. transformers, capacitors or other receptacles containing
liquid stocks) by 2025, subject to review by the Conference of the Parties,
take action in accordance with the following priorities:

(i)  Make determined efforts to identify, label and remove from use
equipment containing greater than 10 per cent polychlorinated
biphenyls and volumes greater than 5 litres;

(i) Make determined efforts to identify, label and remove from use
equipment containing greater than 0.05 per cent polychlorinated
biphenyls and volumes greater than b5 litres;

(ii)  Endeavour to identify and remove from use equipment containing
greater than 0.005 percent polychlorinated biphenyls and volumes
greater than 0.05 litres;

(b) Consistent with the priorities in subparagraph (a), promote the following
measures to reduce exposures and risk to control the use of polychlorinated
biphenyls:

(i)  Use only in intact and non-leaking equipment and only in areas
where the risk from environmental release can be minimised and
quickly remedied;

(i) Not use in equipment in areas associated with the production or
processing of food or feed;

(i)  When used in populated areas, including schools and hospitals, all
reasonable measures to protect from electrical failure which could
result in a fire, and regular inspection of equipment for leaks;

(c) Notwithstanding paragraph 2 of Article 3, ensure that equipment containing
polychlorinated biphenyls, as described in subparagraph (a), shall not be
exported or imported except for the purpose of environmentally sound
waste management;
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(d) Except for maintenance and servicing operations, not allow recovery for
the purpose of reuse in other equipment of liquids with polychlorinated
biphenyls content above 0.005 per cent;

(e) Make determined efforts designed to lead to environmentally sound
waste management of liquids containing polychlorinated biphenyls
and equipment contaminated with polychlorinated biphenyls having a
polychlorinated biphenyls content above 0.005 per cent, in accordance
with paragraph 1 of Article 6, as soon as possible but no later than 2028,
subject to review by the Conference of the Parties;

(f) In lieu of note (ii) in Part | of this Annex, endeavour to identify other
articles containing more than 0.005 per cent polychlorinated biphenyls
(e.g. cable-sheaths, cured caulk and painted objects) and manage them
in accordance with paragraph 1 of Article 6;

(g) Provide a report every five years on progress in eliminating polychlorinated
biphenyls and submit it to the Conference of the Parties pursuant to
Article 15;

(h) The reports described in subparagraph (g) shall, as appropriate, be
considered by the Conference of the Parties in its reviews relating to
polychlorinated biphenyls. The Conference of the Parties shall review
progress towards elimination of polychlorinated biphenyls at five year
intervals or other period, as appropriate, taking into account such reports.

Part lll Definitions

For the purpose of this Annex:

(a) “Hexabromodiphenyl ether and heptabromodiphenyl ether” means
2,2’ 4.4 5 5-hexabromodiphenyl ether (BDE-153, CAS No: 68631-49-2),
2,2’ 4.4 5 6'-hexabromodiphenyl ether (BDE-154, CAS No: 207122-15-4),
2,2'.3,3",4,5',6-heptabromodiphenyl ether (BDE-175, CAS No: 446255-
22-7), 2,2',3,4,4 5 ,6-heptabromodiphenyl ether (BDE-183, CAS No:
207122-16-5) and other hexa- and heptabromodiphenyl ethers present in
commercial octabromodiphenyl ether.

(b) “Tetrabromodiphenyl ether and pentabromodiphenyl ether” means
2,2",4,4-tetrabromodipheny! ether (BDE-47, CAS No: 5436-43-1) and
2,2",4.4" 5-pentabromodiphenyl ether (BDE-99, CAS No: 60348-60-9)
and other tetra- and pentabromodiphenyl ethers present in commercial
pentabromodiphenyl ether.

STOCKHOLM CONVENTION ON PERSISTENT ORGANIC POLLUTANTS

w
~

Doctoral Differtation - 47 - Carnegie Mellon University



 Appendices

Part IV Hexabromodiphenyl ether and heptabromodiphenyl ether

1. A Party may allow recycling of articles that contain or may contain
hexabromodiphenyl ether and heptabromodiphenyl ether, and the use and
final disposal of articles manufactured from recycled materials that contain
or may contain hexabromodiphenyl ether and heptabromodiphenyl ether,
provided that:

(a) The recycling and final disposal is carried out in an environmentally sound
manner and does not lead to recovery of hexabromodiphenyl ether and
heptabromodiphenyl ether for the purpose of their reuse;

(b) The Party takes steps to prevent exports of such articles that contain levels/
concentrations of hexabromodiphenyl ether and heptabromodiphenyl
ether exceeding those permitted for the sale, use, import or manufacture
of those articles within the territory of the Party; and

(c) The Party has notified the Secretariat of its intention to make use of this
exemption.

2. At its sixth ordinary meeting and at every second ordinary meeting thereafter
the Conference of the Parties shall evaluate the progress that Parties have made
towards achieving their ultimate objective of elimination of hexabromodipheny!
ether and heptabromodiphenyl ether contained in articles and review the
continued need for this specific exemption. This specific exemption shall in
any case expire at the latest in 2030.

PartV  Tetrabromodiphenyl ether and pentabromodiphenyl ether

1. A Party may allow recycling of articles that contain or may contain
tetrabromodiphenyl ether and pentabromodiphenyl ether, and the use and
final disposal of articles manufactured from recycled materials that contain
or may contain tetrabromodiphenyl ether and pentabromodiphenyl ether,
provided that:

(a) The recycling and final disposal is carried out in an environmentally sound
manner and does not lead to recovery of tetrabromodiphenyl ether and
pentabromodipheny! ether for the purpose of their reuse;

(b) The Party does not allow this exemption to lead to the export of articles
containing levels/concentrations of tetrabromodiphenyl ether and
pentabromodiphenyl ether that exceed those permitted to be sold within
the territory of the Party; and
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(c) The Party has notified the Secretariat of its intention to make use of this
exemption.

2. At its sixth ordinary meeting and at every second ordinary meeting thereafter
the Conference of the Parties shall evaluate the progress that Parties have made
towards achieving their ultimate objective of elimination of tetrabromodipheny!
ether and pentabromodiphenyl ether contained in articles and review the
continued need for this specific exemption. This specific exemption shall in
any case expire at the latest in 2030.
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Annex B

RESTRICTION

Part |

Chemical

Activity

Acceptahle purpose
or specific exemption®

(CAS No: 2795-39-3);
lithium perfluorooctane
sulfonate (CAS No:
29457- 72-5); ammonium
perfluorooctane sulfonate
(CAS No: 29081-56-9);
diethanolammonium
perfluorooctane sulfonate
(CAS No: 70225-14-8);
tetraethylammonium
perfluorooctane sulfonate
(CAS No: 56773-42-3);
didecyldimethylammonium
perfluorooctane sulfonate
(CAS No: 251099-16-8)

DDT Production Acceptable purpose:
(1,1,1-trichloro-2,2-bis Disease vector control use in
(4-chlorophenyl)ethane) accordance with Part Il of this Annex
CAS No: 50-29-3 Specific exemption:

Intermediate in production of dicofol

Intermediate

Use Acceptable purpose:

Disease vector control in accordance

with Part Il of this Annex

Specific exemption:

Production of dicofol

Intermediate
Perfluorooctane Production Acceptable purpose:
sulfonic acid (CAS No: In accordance with Part Il of this
1763-23-1), its salts® Annex, production of other chemicals
and perfluorooctane to be used solely for the uses below.
sulfonyl fluoride (CAS Production for uses listed below.
No: 307-35-7) Specific exemption:

As allowed for Parties
@ For example: potassium listed in the Register.
perfluorooctane sulfonate

Use Acceptable purpose:

In accordance with Part Il of this

Annex for the following acceptable

purposes, or as an intermediate in

the production of chemicals with

the following acceptable purposes:

¢ Photo-imaging

e Photo-resist and anti-reflective
coatings for semi-conductors

e Etching agent for compound semi-
conductors and ceramic filters

e Aviation hydraulic fluids

e Metal plating (hard metal plating)
only in closed-loop systems

e Certain medical devices (such
as ethylene tetrafluoroethylene
copolymer (ETFE) layers and
radio-opaque ETFE production,
in-vitro diagnostic medical
devices, and CCD colour filters)
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Acceptable purpose

E Ghemicat G or specific exemption®

e Fire-fighting foam

e |nsect baits for control of
leaf-cutting ants from Atta

# spp. and Acromyrmex spp.

Specific exemption:

For the following specific uses,

or as an intermediate in the

production of chemicals with

’ the following specific uses:

e Photo masks in the
semiconductor and liquid crystal
display (LCD) industries

e Metal plating (hard metal plating)

e Metal plating (decorative plating)

e Electric and electronic parts
for some colour printers and
colour copy machines

e |nsecticides for control of red
imported fire ants and termites

e Chemically driven oil production

e Carpets

e | eather and apparel

e Textiles and upholstery

e Paper and packaging

e Coatings and coating additives

e Rubber and plastics

Notes:

(i) Except as otherwise specified in this Convention, quantities of a
chemical occurring as unintentional trace contaminants in products
and articles shall not be considered to be listed in this Annex;

3 Please note that, as at 17 May 2009, there were no Parties registered for the specific exemptions

listed in Annex B pertaining to DDT. Therefore, in accordance with paragraph 9 of Article 4 of the
Convention, no new registrations may be made with respect to such exemptions, which appear in grey
text in the table.

STOCKHOLM CONVENTION ON PERSISTENT ORGANIC POLLUTANTS

»
N

[Doctoral Differtation -51- Carnegie Mellon University



Appendices

(ii)

(iii)

(iv)

This note shall not be considered as a production and use acceptable
purpose or specific exemption for purposes of paragraph 2 of
Article 3. Quantities of a chemical occurring as constituents of
articles manufactured or already in use before or on the date of entry
into force of the relevant obligation with respect to that chemical,
shall not be considered as listed in this Annex, provided that a Party
has notified the Secretariat that a particular type of article remains in
use within that Party. The Secretariat shall make such notifications
publicly available;

This note shall not be considered as a production and use specific
exemption for purposes of paragraph 2 of Article 3. Given that no
significant quantities of the chemical are expected to reach humans
and the environment during the production and use of a closed-system
site-limited intermediate, a Party, upon notification to the Secretariat,
may allow the production and use of quantities of a chemical listed
in this Annex as a closed-system site-limited intermediate that is
chemically transformed in the manufacture of other chemicals that,
taking into consideration the criteria in paragraph 1 of Annex D,
do not exhibit the characteristics of persistent organic pollutants.
This notification shall include information on total production and
use of such chemical or a reasonable estimate of such information
and information regarding the nature of the closed-system site-
limited process including the amount of any non-transformed and
unintentional trace contamination of the persistent organic pollutant-
starting material in the final product. This procedure applies except
as otherwise specified in this Annex. The Secretariat shall make
such notifications available to the Conference of the Parties and
to the public. Such production or use shall not be considered a
production or use specific exemption. Such production and use shall
cease after a ten-year period, unless the Party concerned submits a
new notification to the Secretariat, in which case the period will be
extended for an additional ten years unless the Conference of the
Parties, after a review of the production and use decides otherwise.
The notification procedure can be repeated;

All the specific exemptions in this Annex may be exercised by Parties
that have registered in respect of them in accordance with Article 4.
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Partll  DDT (1,1,1-trichloro-2,2-his(4-chlorophenyl)ethane)

1.

The production and use of DDT shall be eliminated except for Parties that
have notified the Secretariat of their intention to produce and/or use it. A
DDT Register is hereby established and shall be available to the public. The
Secretariat shall maintain the DDT Register.

Each Party that produces and/or uses DDT shall restrict such production
and/or use for disease vector control in accordance with the World Health
Organization recommendations and guidelines on the use of DDT and when
locally safe, effective and affordable alternatives are not available to the Party
in question.

In the event that a Party not listed in the DDT Register determines that it
requires DDT for disease vector control, it shall notify the Secretariat as soon
as possible in order to have its name added forthwith to the DDT Register. It
shall at the same time notify the World Health Organization.

Every three years, each Party that uses DDT shall provide to the Secretariat and
the World Health Organization information on the amount used, the conditions
of such use and its relevance to that Party’s disease management strategy, in
a format to be decided by the Conference of the Parties in consultation with
the World Health Organization.

With the goal of reducing and ultimately eliminating the use of DDT, the
Conference of the Parties shall encourage:

(a) Each Party using DDT to develop and implement an action plan as part
of the implementation plan specified in Article 7. That action plan shall
include:

(i)  Development of regulatory and other mechanisms to ensure that
DDT use is restricted to disease vector control;

(i) Implementation of suitable alternative products, methods and
strategies, including resistance management strategies to ensure the
continuing effectiveness of these alternatives;

(ii)  Measures to strengthen health care and to reduce the incidence of
the disease.

(b) The Parties, within their capabilities, to promote research and development
of safe alternative chemical and non-chemical products, methods and
strategies for Parties using DDT, relevant to the conditions of those
countries and with the goal of decreasing the human and economic
burden of disease. Factors to be promoted when considering alternatives
or combinations of alternatives shall include the human health risks and
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environmental implications of such alternatives. Viable alternatives to DDT
shall pose less risk to human health and the environment, be suitable
for disease control based on conditions in the Parties in question and be
supported with monitoring data.

6. Commencing at its first meeting, and at least every three years thereafter, the

Conference of the Parties shall, in consultation with the World Health Organization,
evaluate the continued need for DDT for disease vector control on the basis
of available scientific, technical, environmental and economic information,
including:

(a) The production and use of DDT and the conditions set out in paragraph 2;

(b) The availability, suitability and implementation of the alternatives to DDT;
and

(c) Progress in strengthening the capacity of countries to transfer safely to
reliance on such alternatives.

A Party may, at any time, withdraw its name from the DDT Registry upon
written notification to the Secretariat. The withdrawal shall take effect on the
date specified in the notification.

Part lll Perfluorooctane sulfonic acid, its salts, and perfluorooctane sulfonyl

fluoride

. The production and use of perfluorooctane sulfonic acid (PFOS), its salts and

perfluorooctane sulfonyl fluoride (PFOSF) shall be eliminated by all Parties
except as provided in Part | of this Annex for Parties that have notified the
Secretariat of their intention to produce and/or use them for acceptable
purposes. A Register of Acceptable Purposes is hereby established and
shall be available to the public. The Secretariat shall maintain the Register
of Acceptable Purposes. In the event that a Party not listed in the Register
determines that it requires the use of PFOS, its salts or PFOSF for the
acceptable purposes listed in Part | of this Annex it shall notify the Secretariat
as soon as possible in order to have its name added forthwith to the Register.

Parties that produce and/or use these chemicals shall take into account, as
appropriate, guidance such as that given in the relevant parts of the general
guidance on best available techniques and best environmental practices given
in Part V of Annex C of the Convention.

Every four years, each Party that uses and/or produces these chemicals shall
report on progress made to eliminate PFOS, its salts and PFOSF and submit
information on such progress to the Conference of the Parties pursuant to and
in the process of reporting under Article 15 of the Convention.
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4. With the goal of reducing and ultimately eliminating the production and/or use
of these chemicals, the Conference of the Parties shall encourage:

(a) Each Party using these chemicals to take action to phase out uses when
suitable alternatives substances or methods are available;

(b) Each Party using and/or producing these chemicals to develop and
implement an action plan as part of the implementation plan specified in
Article 7 of the Convention;

(c) The Parties, within their capabilities, to promote research on and
development of safe alternative chemical and non-chemical products and
processes, methods and strategies for Parties using these chemicals,
relevant to the conditions of those Parties. Factors to be promoted when
considering alternatives or combinations of alternatives shall include the
human health risks and environmental implications of such alternatives.

5. The Conference of the Parties shall evaluate the continued need for these
chemicals for the various acceptable purposes and specific exemptions
on the basis of available scientific, technical, environmental and economic
information, including:

(a) Information provided in the reports described in paragraph 3;
(b) Information on the production and use of these chemicals;

(c) Information on the availability, suitability and implementation of alternatives
to these chemicals;

(d) Information on progress in building the capacity of countries to transfer
safely to reliance on such alternatives.

6. The evaluation referred to in the preceding paragraph shall take place no later
than in 2015 and every four years thereafter, in conjunction with a regular
meeting of the Conference of the Parties.

7. Due to the complexity of the use and the many sectors of society involved in
the use of these chemicals, there might be other uses of these chemicals of
which countries are not presently aware. Parties which become aware of other
uses are encouraged to inform the Secretariat as soon as possible.

8. A Party may, at any time, withdraw its name from the Register of acceptable
purposes upon written notification to the Secretariat. The withdrawal shall take
effect on the date specified in the notification.

9. The provisions of note (iii) of Part | of Annex B shall not apply to these
chemicals.

»
=
=
=
=
B
—
-
o
a
o
=
<
Iz
a
o
-
=
[}
=
@
»
o
[}
o
=
o
=
=]
=
=
wl
>
=
o
o
=
-
o
=
>
=]
o
=
»

H
2]

[Doctoral Differtation -55- Carnegie Mellon University



Appendices

Annex C  UNINTENTIONAL PRODUCTION

Part1  Persistent organic pollutants subject to the requirements of Article 5

This Annex applies to the following persistent organic pollutants when formed
and released unintentionally from anthropogenic sources:

Hexachlorobenzene (HCB) (CAS No: 118-74-1) r
Pentachlorobenzene (PeCB) (CAS No: 608-93-5)

Polychlorinated biphenyls (PCB)

Polychlorinated dibenzo-p-dioxins and dibenzofurans (PCDD/PCDF)

Partll Source categories

Hexachlorobenzene, pentachlorobenzene, polychlorinated biphenyls, and
polychlorinated dibenzo-p-dioxins and dibenzofurans are unintentionally formed
and released from thermal processes involving organic matter and chlorine as a
result of incomplete combustion or chemical reactions. The following industrial
source categories have the potential for comparatively high formation and release
of these chemicals to the environment:

(a) Waste incinerators, including co-incinerators of municipal, hazardous or
medical waste or of sewage sludge;

(b) Cement kilns firing hazardous waste;

(¢) Production of pulp using elemental chlorine or chemicals generating
elemental chlorine for bleaching;

(d) The following thermal processes in the metallurgical industry:
(i)  Secondary copper production;
(ii) ~ Sinter plants in the iron and steel industry;
(iii)  Secondary aluminium production;

(iv) Secondary zinc production.
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Partlll Source categories

Hexachlorobenzene, pentachlorobenzene, polychlorinated biphenyls, and
polychlorinated dibenzo-p-dioxins and dibenzofurans may also be unintentionally
formed and released from the following source categories, including:

(a) Open burning of waste, including burning of landfill sites;

(b) Thermal processes in the metallurgical industry not mentioned in Part II;
(¢) Residential combustion sources;

(d) Fossil fuel-fired utility and industrial boilers;

(e) Firing installations for wood and other biomass fuels;

(f)  Specific chemical production processes releasing unintentionally formed
persistent organic pollutants, especially production of chlorophenols and
chloranil;

(g) Crematoria;
(h) Motor vehicles, particularly those burning leaded gasoline;
(i)  Destruction of animal carcasses;

(j) Textile and leather dyeing (with chloranil) and finishing (with alkaline
extraction);

(k) Shredder plants for the treatment of end of life vehicles;
() Smouldering of copper cables;

(m) Waste oil refineries.

Part IV Definitions

1. For the purposes of this Annex:

(a) “Polychlorinated biphenyls” means aromatic compounds formed in such a
manner that the hydrogen atoms on the biphenyl molecule (two benzene
rings bonded together by a single carbon-carbon bond) may be replaced
by up to ten chlorine atoms; and

(b) “Polychlorinated dibenzo-p-dioxins” and “polychlorinated dibenzofurans”
are ftricyclic, aromatic compounds formed by two benzene rings
connected by two oxygen atoms in polychlorinated dibenzo-p-dioxins
and by one oxygen atom and one carbon-carbon bond in polychlorinated
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dibenzofurans and the hydrogen atoms of which may be replaced by up to
eight chlorine atoms.

2. In this Annex, the toxicity of polychlorinated dibenzo-p-dioxins and
dibenzofurans is expressed using the concept of toxic equivalency which
measures the relative dioxin-like toxic activity of different congeners
of polychlorinated dibenzo-p-dioxins and dibenzofurans and coplanar
polychlorinated biphenyls in comparison to 2,3,7,8-tetrachlorodibenzo-
p-dioxin. The toxic equivalent factor values to be used for the purposes of
this Convention shall be consistent with accepted international standards,
commencing with the World Health Organization 1998 mammalian
toxic equivalent factor values for polychlorinated dibenzo-p-dioxins and
dibenzofurans and coplanar polychlorinated biphenyls. Concentrations are
expressed in toxic equivalents.

PartV  General guidance on best available techniques and best environmental
practices

This Part provides general guidance to Parties on preventing or reducing
releases of the chemicals listed in Part .

A. General prevention measures relating to both best available techniques
and best environmental practices

Priority should be given to the consideration of approaches to prevent the
formation and release of the chemicals listed in Part |. Useful measures could
include:

(a) The use of low-waste technology;
(b) The use of less hazardous substances;

(¢) The promotion of the recovery and recycling of waste and of substances
generated and used in a process;

(d) Replacement of feed materials which are persistent organic pollutants or
where there is a direct link between the materials and releases of persistent
organic pollutants from the source;

(e) Good housekeeping and preventive maintenance programmes;

(f) Improvements in waste management with the aim of the cessation of
open and other uncontrolled burning of wastes, including the burning of
landfill sites. When considering proposals to construct new waste disposal
facilities, consideration should be given to alternatives such as activities
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to minimize the generation of municipal and medical waste, including
resource recovery, reuse, recycling, waste separation and promoting
products that generate less waste. Under this approach, public health
concerns should be carefully considered;

(g) Minimization of these chemicals as contaminants in products;

(h) Avoiding elemental chlorine or chemicals generating elemental chlorine for
bleaching.

B. Best available techniques

The concept of best available techniques is not aimed at the prescription of
any specific technigue or technology, but at taking into account the technical
characteristics of the installation concerned, its geographical location and the local
environmental conditions. Appropriate control techniques to reduce releases of
the chemicals listed in Part | are in general the same. In determining best available
techniques, special consideration should be given, generally or in specific cases,
to the following factors, bearing in mind the likely costs and benefits of a measure
and consideration of precaution and prevention:

(a) General considerations:

(i)~ The nature, effects and mass of the releases concerned: techniques
may vary depending on source size;

(i) The commissioning dates for new or existing installations;
(iii) The time needed to introduce the best available technique;

(iv) The consumption and nature of raw materials used in the process
and its energy efficiency;

(v) The need to prevent or reduce to a minimum the overall impact of the
releases to the environment and the risks to it;

(vi) The need to prevent accidents and to minimize their consequences
for the environment;

(vii) The need to ensure occupational health and safety at workplaces;

(viii) Comparable processes, facilities or methods of operation which have
been tried with success on an industrial scale;

(ix) Technological advances and changes in scientific knowledge and
understanding.
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(b) General release reduction measures: When considering proposals to
construct new facilities or significantly modify existing facilities using
processes that release chemicals listed in this Annex, priority consideration

should be given to alternative processes, techniques or practices that
have similar usefulness but which avoid the formation and release of such
chemicals. In cases where such facilities will be constructed or significantly
modified, in addition to the prevention measures outlined in section A
of Part V the following reduction measures could also be considered in
determining best available techniques:

(i) Use of improved methods for flue-gas cleaning such as thermal or
catalytic oxidation, dust precipitation, or adsorption;

(i)  Treatment of residuals, wastewater, wastes and sewage sludge by,
for example, thermal treatment or rendering them inert or chemical
processes that detoxify them;

(iii)  Process changes that lead to the reduction or elimination of releases,
such as moving to closed systems;

(iv)  Modification of process designs to improve combustion and prevent
formation of the chemicals listed in this Annex, through the control of
parameters such as incineration temperature or residence time.

C. Best environmental practices

The Conference of the Parties may develop guidance with regard to best
environmental practices.
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An amendment to Annex A adopted by the Conference of the
| Parties to the Stockholm Convention on Persistent Organic
Pollutants at its fifth meeting (Decision SC-5/3)

# The Conference of the Parties,

1. Decidesto amend part | of Annex A to the Stockholm Convention on Persistent
Organic Pollutants to list therein technical endosulfan and its related isomers,
with specific exemptions for production as allowed for the parties listed in
’ the Register of Specific Exemptions and/or for use on crop-pest complexes
as listed in accordance with the provisions of a new part VI of the annex by
inserting the following row:

Chemical Activity Specific exemption

Technical endosulfan* | Production As allowed for the

(CAS No: 115-29-7) parties listed in the

and its related isomers* Register

(CAS No: 959-98-8

and CAS No: 33213- Use Crop-pest complexes

65-9) as listed in accordance
with the provisions of
part VI of this Annex

2. Decides to insert a new note (v) in part | of Annex A as follows:

Technical endosulfan (CAS No: 115-29-7), its related isomers (CAS No:
959-98-8 and CAS No: 33213-65-9) and endosulfan sulfate (CAS No: 1031-
07-8) were assessed and identified as persistent organic pollutants.

3. Decides to insert a new Part VI in Annex A as follows:

Part VI
Technical endosulfan and its related isomers (endosulfan)

The production and use of endosulfan shall be eliminated except for parties
that have notified the Secretariat of their intention to produce and/or use it in
accordance with Article 4 of the Convention. Specific exemptions may be available
for the use of endosulfan for the following crop-pest complexes:
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Crop Pest
Apple Aphids Q
-

Arhar, gram Aphids, caterpillars, pea semilooper,
pod borer
Bean, cowpea Aphids, leaf miner, whiteflies
Chilli, onion, potato Aphids, jassids
Coffee Berry borer, stem borers
Cotton Aphids, cotton bollworm, jassids, I‘
leaf rollers, pink bollworm, thrips, |
whiteflies
Eggplant, okra Aphids, diamondback moth, jassids, 'q
shoot and fruit borer
Groundnut Aphids
Jute Bihar hairy caterpillar, yellow mite
Maize Aphids, pink borer, stem borers }
Mango Fruit flies, hoppers ;
Mustard Aphids, gall midges
Rice Gall midges, rice hispa, stem borers,
white jassid
Tea Aphids, caterpillars, flushworm,

mealybugs, scale insects, smaller
green leafhopper, tea geometrid, tea
mosquito bug, thrips

Tobacco Aphids, oriental tobacco budworm

Tomato Aphids, diamondback moth, jassids,
leaf miner, shoot and fruit borer,
whiteflies

Wheat Aphids, pink borer, termites

Reference: C.N.703.2011.TREATIES-8 (Depositary Notification)
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Chapter 3
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Electronic Configuration of Co in
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Chapter 3. Theoretical Investigation of the Electronic Configuration of Co in its Coordination
Environment

3.1 Abstract

Fossils fuels, the ancient deposit of solar energy, have propelled the engine of human
civilization since her birth till today. After hundreds of years of excavation and com-
bustion, not only this reserve approaches its exhaustion, but also its use shadows the
sustainable future of human beings as well as the lives of all forms on this planet.
An urgent need emerges for environmentally benign ways of utilizing solar energy.
Photosynthesis provides a promising answer — water splitting. To mimic this pro-
cess, developing catalysts for water cleavage is the central theme. Among all the
earth abundant and inexpensive elements, Co stands out for its high efficiency and
dual capability of water reduction and oxidation. Between the two, water oxidation
presents the major challenge. Co(IV) was shown to be the active intermediate in this
chemical conversion. This highlights the importance of unambiguous characterization
of the electronic structure for Co containing catalysts. To this end, the research of
this chapter combines the spectroscopic information and DFT calculations to clarify
the literature ambiguity in the diagnosis of Co containing complexes, and theoreti-
cally projects the ligand environment in favor of hosting a Co(IV) electronic state in

an octahedral-like coordination complex.

3.2 Introduction

Energy has fueled human cultural development since its beginning.? From taming
of fire to riding on steam, from electricity to nuclear power, every celebrating step
of human civilization in history also witnessed a revolution in use of energy. Given
the significance of energy to our existence and advancement, it is natural to quest
the source of energies. The majority of the energies used in industry and our lives is

probably can be traced back to be solar radiations.® Solar energy utilization can be

Doctoral Differtation - 64 - Carnegie Mellon University




3.2. Introduction

done via two general means, conversion for immediate use and storage for future use.
Photovoltaics represent the former case. Despite of their deployment, the intermittent
and diffuse nature of solar energy put a question mark on the efficiency and economical
viability on this use for electricity generation.? On the other hand, solar energy storage
in the form of chemical energy is the way nature has chosen to power our planet for
billions of years.® Fossil fuels are a long-term accumulative result of such an effort
and have been generously passed down to us by nature. After hundreds of years of
industrious exploitation, we are reaching the point of depleting this luxury reserve. 57
Moreover, the adverse environmental consequences of burning fossil fuels has become
more and more conspicuous with the continuing expansion on its scale to meet the
need of the growing human population.

Earth ground temperature increase was first noticed in 1896.% Afterward, many stud-
ies were devoted to tracing the possible causes for this change. The result pointed
that the green house effect is likely to be responsible for the global temperature
increase and modern climate change is anthropogenic.?!! As seen in Figure 3.1, at-
mospheric CO, concentration entered an unprecedented level during human history
and it continues climbing up to today. This undoubtedly emphasizes the inherent
connection between the anthropogenic climate change and CO, emission from fossil
fuel consumption. 2

To answer the global energy crisis and pave the way for sustainable development,
alternative use of solar energy with the aim of decarbonization, high efficiency and
cost-effectiveness is under ardent pursuit.'® Hydrogen as the product!'®'® of water
splitting in photosynthesis holds a great promise. Hydrogen as a energy resource
bears the merits of high energy density,!® great transferability, storability, ecological
acceptability and renewability.!” Therefore, simulating photosynthesis to produce

solar fuels would represent the most important breakthrough of modern science.!'®
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Figure 3.1: Artwork — “What’s CO,, Got to Do with It?”. It was on exhibition in the Carnegie Mellon University Artpark
Lab from April 1st, 2012 to May 31st, 2012. The blue curve on the graph depicts the atmospheric carbon dioxide (CO,)
concentration variation over the past 800,000 years. To construct the curve, CO, concentration data from ice coring
studies in Antarctical®?? were consulted and mathematically scaled to fit the dimension of the displaying fence (51 ft
x 4 ft). Based on the calculation, six 39 ft long LED ropes were connected and curved accordingly to render the CO,
concentration profile. The ropes were attached to the fence by more than 500 tie wraps. The LED lights are charged
by solar panels during day times and give off distinctive blue light at night. CO, forms an indispensable link in the
global carbon cycle. It oscillates with ice ages for the major portion of the entire portrayed time period in the artwork
and is largely bounded between 272 and 299 ppm. However, over the last two millennia, an unprecedented growth in the
atmospheric CO, concentration has been occurring with expanded human activities as highlighted by the upward spiraling
rope. The project was sponsored by the ACS local section sustainability programming grant. The photo was taken by
Steve Ellington.
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3.2. Introduction

Water splitting is a thermodynamic uphill process.?? Diret photodissociation of water
is not feasible due to the lack of overlap between the solar spectrum and the electronic
absorption range of water.?* Nature accomplishes this task by designing two sepa-

rate catalytic centers?® 28 —

water oxidation and hydrogen production. To design an
artificial synthesis system, a set of principles have been proposed.? From the eco-
nomic perspective, earth abundant and inexpensive metal elements are the appealing
for making catalysts. Co, Fe, and Ni fall in this category and their development for
catalytic water splitting have been reviewed recently.?’ Co catalyzed water reduction
and oxidation can be dated back to 1970’s.3132 Further studies by Nocera and Frei
revealed the outstanding performance of Co-Pi** 3% and Co;0,3" in water splitting.
Co was the first made to show visible light-driven H, production without the aid of
noble metals.?® Reports of using Co-Pi in conjunction with silicon semiconductors
to simulate artificial leaf has appeared in recent literature.?” Among the three ele-
ments, Co is only one that has demonstrated the dual ability for water reduction and

oxidation, and it has displayed the inequivalently high turn-over frequency (TOF).3°

A review on Co containing catalysts in water lysis was published lately.*!

Water oxidation is recognized as the bottleneck for developing a solar fuel cell.*?> To
attain this goal, chemical, electrochemical and photochemical schemes were outlined
and the last means was rationalized with the potential to achieve water splitting under
the right conditions.*® Tremendous efforts have been devoted to molecular catalysts
design for the purpose of water oxidation. The oxidation catalyst in photosynthesis
system I (PSII) is a CaMn, core cluster with a cubane structural motif. #4" Analysis
across a broad range of biological species discloses extremely low structural diversity
for the cubane motif. This fact implies the importance of cubane geometry in its role
of water oxidation from the evolutionary perspective.*® Superimposition of Co-Pi

and Co;0, with the catalytical core of PSII demonstrate high similarity. 5% Co(IV)
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was proposed to play a key catalytic role in water oxidation.®%2 Therefore, precise
characterization of the electronic structure and state of Co is crucial to understanding
the chemistry of Co mediated water oxidation.

To probe the electronic structure of Co containing molecules, electron paramagnetic
resonance spectroscopy (EPR) presents a powerful tool. Co salt or organometallic
complexes have been characterized by EPR are very few®3 % and their EPR patterns
show little consistency. This sheds doubts on the accuracy in description of the elec-
tronic structures of the Co complexes. Paradoxical phenomenon was encountered in
our effort of characterizing Co—D* complexes. A Co nuclear originated hyperfine
splitting pattern and the overall isotropic EPR spectrum blurs the dividing line be-
tween Co'" and [COIH—Ligand *|. To decipher the puzzle, DFT calculation on Co—D*
and several Co containing complexes were performed. As a result, the real electronic
character of Co—D* was unveiled. In addition, a theoretical projection on the struc-

tural foundation to achieve the Co(IV) electronic state was also provided.

3.3 Paradoxical Spectroscopic Observation of Co-
D* Complexes and Electronic Structure Eluci-

dation by DFT Calculations

Several Co complexes, "% namely [Co(D*)(tBuPy),], [Co(D*)(tBuCN),| and [Co(PAC)(tBuPy),]
(see 3.7.1 for the nomenclature definition) were synthesized in Collins’ group and char-
acterized by EPR. The EPR spectra of these three compounds share two common
features : isotropic g values and a 8-line hyperfine pattern indicative of interaction

between the paramagnetic electron with the nuclear 57Co (I=7/2), as shown in Figure

3.2 and Figure 3.3.
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3.3. Paradoxical Spectroscopic Observation of Co-D* Complexes and Electronic Structure
Elucidation by DFT Calculations
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Figure 3.2: EPR spectrum for [Co(PAC)(tBuPy),|. Reprint with permission from
F.C.Anson, T.J.Collins and R. J. Coots et al. J. Am. Chem. Soc. 1984, 106, 5037.
(©1984 American Chemical Society Chemical Society.

The remarkable resemblance of the EPR properties of the three complexes suggests
that they have similar electronic states. To address the question of whether the
radical in these cobalt complexes is metal- or ligand-based, we have performed density
functional theory (DFT) calculations.

As expected, DFT gives similar solutions for all the complexes. The spin density
plots and d orbital splitting diagram are shown in Figure 3.4. It is clear from the spin
density plots that the paramagnetic electron is highly delocalized with only marginal
fraction of residence on the metal. The electronic structures of all three complexes,
as obtained by DFT, are thus best described as low-spin Co(III) ligand-radical states,
like the one depicted by the qualitative orbital level scheme in Figure 3.4 (a). The
orbital scheme reflects the distorted octahedral crystal field in [Co(D")(tBuPy),],
with the lower t2 set accommodating the six d-electron of the diamagnetic Co(III).
It is important for the understanding of the EPR data to realize that the radical-
electron-containing orbital, ¢, has a small but non-negligible component at the metal,

¢ ~ ¢r+ €d,., where ¢p is confined to the ligand and € is a coefficient < 1.
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Figure 3.3: EPR spectra for [Co(D")(tBuPy),| (A) and [Co(D*)(tBuCN),|(C). Simu-
lation of the EPR data (B and D) are shown underneath their their respective spectra.
For [Co(D*)(tBuPy),|, g. = g, = 2.000, g, = 2.003 and A, = A,—16 MHz, A,—143
MHz. For [Co(D")(tBuCN),|, g, = g, = 2.000, g, = 2.005 and A, = A,—16 MHz,
A,=115 MHz. Instrument conditions: (A-D) microwaves, 9.65 GHz, 0.002mW; mod-
ulation, 0.5 mT; temperature 8. 2K. Inset: microwave, 9.78 GHz, 20 mW; modulation,
1.0 mT; temperature 298K. R