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(R. Smalley)
* Energy * Disease
* Water * Education
* Food  Democracy
* Environment * Population

* Poverty
 Terrorism & War
SRR X S1F JE 1
-- by Richard Smalley (2003)
http://cnst.rice.edu/content.aspx?id=246



http://cnst.rice.edu/content.aspx?id=246
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* Jobs * Water

* Energy * Oceans

* Cities * Disasters
* Food

> R E LB Juid 4
-- Rio+20 United Nations Conference on Sustainable Development
http://www.uncsd2012.org/7issues.html



http://www.uncsd2012.org/7issues.html




Bhopal (India) disaster 1984

tes) - "December 3,1984
A cloud of methyl

The human cost

B Up to 10,000 deaths in first i nate
three days leake from the

= Additional 25,000 people Union Carbide
died of related injuries by 1994 pesticide plant




Nature vs Industrial Society

Nature Industrial Society
a cycle the natural cycle disrupted
M M
oL b L
N | Vg _
Resources Consumption Resources Consumption
K
[ A
\@ ﬂ& T .’”E-§
Waste” ~ Waste™

Human are depleting resources and making wastes much
faster than nature can take the wastes and convert them
back into resources



ACS
Ag§ e Green
Che try for Life { Chemistry
Institute ®

Question 1

How many pounds of stuff does it take to make a 5
laptop computer? (Hint: think about mining, transport,
manufacturing, packaging, etc.)

a) 50

b) 500

¢) 20,000 _
d) 12,500

Ref: “Confessions of a Radical Industrialist,” page 9 (adjusted for 5 Ib)

Slide Courtesy Dr. Bob Peoples




Waste and the Chemical Industry

e Where dose it come from?

Industry Segment TONNAGE RATIO kg Bypr oducts
Eg Product
Oil Refining 10° - 10° <0.1
Bulk Chenucals 107 - 10° 1-5
Fine Chenmcals 10¢- 107 5 - 50
Phanmaceuticals 10 - 10° 25 - 100+

+ Areas traditionally thought of as being dirty (o1l refining & bulk chemical production)
are relatively clean - they need to be since margins per K g are low

+ Mewer industries with higher profit margins and employing more complex chemistry
produce much more waste relatively.

Chemtech 1994, 24, 38-47



Environmental impact of manufacturing processes
of active pharmaceutical Ingredients

A 2007 study showed the median amount of materials
used to make 1 kg of APl was 46 kg, in which 56% of
the mass used was solvent. That is, 22 kg of solv~ =
are needed to make 1 kg of API. E=45

Solvents 56%

Water 32%

Reactants 7%

Green Chem. 2011, 13, 854.
Org. Process Res. Dev. 2011, 15, 912.
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Definition of Green Chemistry

The design of products and processes that
reduce or eliminate the use and generation
of hazardous substances

Fathers of Green Chemistry : Paul Anastas and John C. Warner

H &4 C&E News October 4, 2010

Warner’s talk at the Berkeley Green Chemistry Center
http://www.youtube.com/watch?NR=1&v=mrSy6RKOge8



http://www.youtube.com/watch?NR=1&v=mrSy6RKOge8
http://www.youtube.com/watch?NR=1&v=mrSy6RKOge8
http://www.youtube.com/watch?NR=1&v=mrSy6RKOge8
http://www.youtube.com/watch?NR=1&v=mrSy6RKOge8
http://www.youtube.com/watch?NR=1&v=mrSy6RKOge8

Hazardous?

Toxicity
Flammability
Explosion potential

Environmental persistence



Spirit of Green Chemistry

The design of products and processes that
reduce or eliminate the use and generation
of hazardous substances

* Prevention!
 Reduction!

* Increase efficiency
* Holistic thinking
 Smart chemistry!!

* Not just looking for new energy materials
* Not equivalent to environmental chemistry



Reduction of What?
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Spirit of Green Chemistry

Risk = f(hazard x exposure)

ﬂ/ J
Before

Now
Minimize risk by minimizing hazard




Green/Environmental/Sustainable
Chemistry % & 2_ f?

® Environmental Chemistry: study chemical
events in the environment

® Green Chemistry: reduction of materials,
waste, energy, cost, hazard and risk, non-
renewables, environmental impact. (Eco-
friendly chemistry!)

NI NI NI NI NI NI NI NI NI NI NI NI NI NI NI NI NI NI NI NI NI NI NI NININININI NI N

® Green Chemistry and Sustainable
Chemistry are used interchangeably by
some, but not all.



Warner’s View on Green
and Sustainable Chemistry
® Sustainable Chemistry: help to solve

sustainability problems, with green
chemistry as an important sub-field.

E gUS!alnaBIM; s
E e E BLeiTESs EMgigeering

ustainable Chemistry

Chemicals Remediation Exposure  Green Water  Alternative  Others
Policy Technologies Controls Chemistry Purification  Energy

http://www.youtube.com/user/citrisucttp/c/3/mrSy6RKOge8



http://www.youtube.com/user/citrisuc

Warner’s View on Green
and Sustainable Chemistry

o !US!alnaBIII!; —

Economics Agriculture Education B

ustainable Chemistry
V. . R T S R S

Chemicals Remediation Exposure  Green Water Altemmative  Ofthers
Policy Technologies Controls Chemistry Purification Energy

http://www.youtube.com/user/citrisucttp/c/3/mrSy6RKOge8



http://www.youtube.com/user/citrisuc

1991

1992

1995

1997

1998

1999

Brief History of Green Chemistry

The phrase "Green Chemistry" invented by the chemist Paul Anastas

of US Environmental Protection Agency (EPA)

United Nations Conference on Environment and Development (UNCED)
in Rio de Janeiro. Agenda 21 was adopted.

On President Bill Clinton’s initiative, EPA started to give a yearly “the
U.S. Presidential Green Chemistry Challenge Award”

“The Green Chemistry Institute” is formed by Joe Breen in the United
States (became part of ACS operations since 2001)

Paul Anastas and John C. Warner published the book “Green Chemistry:
Theory and Practice” (the book includes “The Twelve Principles of
Green Chemistry”

The Royal Society of Chemistry formed “The Green Chemistry Network”
and started the journal “Green Chemistry”
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--The Twelve Principles and Metrics



12 Principles of Green Chemistry

. Prevent waste
. Maximize atom economy
. Design less hazardous chemical syntheses
. Design safer chemicals and products
. Use safer solvents and reaction conditions
. Increase energy efficiency
. Use renewable feedstocks
. Avoid chemical derivatives

. Use catalysts, not stoichiometric reagents
10. Design chemicals and products that degrade after use
11. Analyze in real time to prevent pollution
12. Minimize the potential for accidents

OoO~NOGOCUA,WNER

Green Chemistry: Theory and Practice, Oxford University Press: New York, 1998.



12 Principles of Green Chemistry
Demonstrated with Real Cases

See lecture notes
Green Chemistry: Principles and Practice

by Mary Kirchhoff, Ph.D., a%\“‘*
American Chemical Society Education Dizvsion

Given in 2012 ACS Summer School on Green Chemistry
and Sustainable Energy

http://portal.acs.org/portal/PublicWebSite/
greenchemistry/education/summerschool/CNBP_030373


http://portal.acs.org/portal/PublicWebSite/greenchemistry/education/summerschool/CNBP_030373
http://portal.acs.org/portal/PublicWebSite/greenchemistry/education/summerschool/CNBP_030373
http://portal.acs.org/portal/PublicWebSite/greenchemistry/education/summerschool/CNBP_030373
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--The Metrics



Metrics

Atom Economy = molecular weight of desired product
molecular weight of all reactants

X 100%

E-factor = _ mMass of waste
mass of product

mass of all materials in

v" Process Mass Intensity = mass of product

mass of all solvent (- H,0)

Solvent Intensity =
mass of product

Renewables Intensity = mass of all renewables used
mass of product

c.f Yield = quantity of actual product

o)
quantity of predicted productx 100% " and more...

Org. Process Res. Dev., 2011, 15,912
Chem. Soc. Rev. 2012, 41, 1485



Atom Economy = _Molecular weight of desired product

(0]
molecular weight of all reactants X 100%

Diels-Alder Reaction

0

0
( + ﬁk . O)‘\ 100% Atom economy
x

Wittig Reaction

CH,
+ PhpP=0

35% Atom economy

The amount of all reactants is concerned! Different from yield!!




Atom Economy

Atom economic Atom un-economic
reactions reactions

e Rearrangement e Substitution

e Addition e Elimination

e Diels-Alder o Wittig

e Other concerted e Grignard
reactions

Green Chemistry: An Introductory Text, RSC, 2002.



mass of all materials in
mass of product

v" Process Mass Intensity =

“materials in”

reactants
reagents
catalysts
solvents (for reaction and purification)

Org. Process Res. Dev., 2011, 15,912
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Catalyst 1g Purification

A+ B >C+ D+ E > D
Solvent 14 g i“' '“ ﬁﬁ’*" kil
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Yield =?

Atom Economy = ?
Process Mass Intensity = ?
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Metrics

Atom Economy = molecular mass of desired product
molecular mass of all reactants

X 100%

E-factor = _ Mass of waste

—"
—

Solvent Inte V5 B
" mass of product
Renewables Itensity = mass of all renewables used
mass of product
c.f yield = quantity of actual product
quantity of predicted product and more...

Chem. Soc. Rev., 2012, 41, 1485



Life Cycle Assessment (LCA)

Slide courtesy Dr. Philip Jessop
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--Industrial Cases
--Pharmaceutical roundtable



The Magnitude of What Can be
Accomplished

Presidential Green Chemistry Challenge Award
-- C&EN 2013, Volume 91, Issue 36, pp. 75-79

Collectively, the 88 award-winning technologies

 Eliminated the use of 825 million Ib of hazardous
chemicals and solvents

e Saved 21 billion gal of water

* Prevented release of nearly 3,600 metric tons of
carbon dioxide



What Can Be Accomplished
Economically

\ 51% E-Factor Reduction > 65% Cost Reduction

CP 1.0 CP 2.0 CP 21

Step | Yield | E-Factor Step | Yield 'E-Factor Step Yield iE-Factor

1 73% 93 1 68% 30 1 98% 17
2 81% 66 2 92% 22 2 89% 21
3 92% 11 3 86% 23 3 86% 23
4 82% 61 4 87% 33 4 87% 30
Total 45% 231 5 96% 24 5 95% &
Total 45% 132 Total 62% @

Figure 4. Example correlation between E-factor and cost reduction.

Org. Process Res. Rev. 2013, 17, 1099.



Success
Green Synthesis of Ibuprofen

g ? Hac’[( )LCH3 % H,, Raney Ni Y\Q/
- OH
(@]

hydrogenation
Friedel-Crafts acetylation co
palladium-catalyzed [Pd]
carbonylation
UK market for ibuprofen is about 0
3,000,000 kg per year! C oo

® Greater overall yield; 3 steps vs. 6 steps

® Greater atom economy (80% atom economy vs. < 40% atom utilization)
_ ® Fewer auxiliary substances (products and solvents separation agents)
Fﬁ ® Less waste: greater atom economy, catalytic vs. stoichiometric reagents,

recovery of byproducts and reagents, recycling, and reuse, lower
£ disposal costs.

ﬁ (USA) Presidential Green Chemistry Challenge Awards
Greener Synthetic Pathways Award in 1997




The Sildenafil Citrate Process:
Reduction of Solvent Usage

B CHCL
- 9 O OH Acet
D o M | N o . Ce1one
“(}sﬁw PA on Ethanol
o~ A Methanol
B Ether
Sold as Viagra M Ethyl Acetate
B :2-Butanone
. Toluene
Pyridine
t-Butanol
I New solvent
1300 L/kg 100 Likg 22 Likg 7 Lkg 4 Lfkg
Medicinal Chemistry Gpnmlseg Commercial Route (ll‘:r}rl'rllmgrclal Il?oute Future
1990 Med. Chemistry (1997) ollowing solvent Target
1994 Recovery
Before 2004

2003 CRTSTAL Faraday Award
Green Chem. 2004, 6, 43; Org. Proc. Res. Dev. 2005, 9, 88.



Green Synthesis of Sitagliptin:
Biocatalysis

F

F
F

F N
g
H N N
NH, O
F 2

F

Active ingredient in Januvia
for treating of type 2 diabetes

Enzymatic process affording chiral amine

Eliminate the use of a rare metal catalyst

Remove the use of high pressure condition

Increase yield

Less waste: compared to original catalytic synthesis, the enzymatic
process creates 99.8 kg less waste for each kg of sitagliptin produced.

Presidential Green Chemistry Challenge Award
Greener Reaction Conditions Award in 2010
Science 2010, 329, 305.
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Institute ®

ACS GCIl Pharmaceutical Roundtable
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Slide Courtesy Dr. Rich Williams




ACS
W ﬁ-‘gts-,rllﬁ _ Green_
o {h Chemistry

- Institute ®
Developing Tools

* Process Mass Intensity (PMI) - done

Process mass intensity = 9uantity of raw materials input (kg)
quantity of bulk API out (kg)

e Solvent Selection Guide - done
e Reagent Selection Guide - ongoing

* Greener Reaction Mechanisms - ongoing ~

| Green L
' ? Chemistry &

% % 7 Institute” ¢
%, <

4,
Slide Courtesy Dr. Rich Williams “Ceurigan not®



ACS
W ﬁr(“i‘?v"*r Life” : Green
. Qa Chemistry

Institute ®
The Power of Collaboration!

AND

cOM
“a group —even of ‘competitors’ —
can accomplish what no one member could
do alone.”

T. Tierney, Harvard Business Review, July-August 2011, 38.

' ACS .
: f‘ Green
i Chemistry &
) » o' W
3 W7 Institute® g

.

4QEUTIGAI. B"““
Slide Courtesy Dr. Rich Williams
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Challenges

Alternative feedstocks

— Move from petroleum to renewable or biologically derived
sources

e Petroleum chemistry => need oxidation chemistry
e Sugar => need reduction chemistry

— CO, => need new catalysts

Alternative solvents
— No solvent (neat solution; grinding)
— Supercritical CO,, ionic liquid...

Alternative synthetic pathways
— New catalysts (with more abundant metal)
— Move to biocatalysts (no toxic metals; intrinsically safer)
— Research into reuse and recycling catalysts still in infancy

http://www.sciencemag.org/cgi/content/full/297/5582/807



Challenges

Education
Lack of toxicology training
When to use what metrics

Address the problems of waste, toxicity,
energy consumption altogether, rather than
individually.



Challenges

“Teaching Green” C&EN 2012 (Oct. 1), 90 (40), 64.

“Green Toxicology” in Book: Green Techniques for
Organic Synthesis and Medicinal Chemistry (ISBN-
10: 0470711515)

“Using the Right Green Yardstick: Why Process Mass
Intensity Is Used in the Pharmaceutical Industry To

Drive More Sustainable Processes” Org. Process Res.
Dev. 2011, 15, 912.

“Barriers to the Implementation of Green Chemistry in
the United States” Environ. Sci. Technol. 2012, 46,
10892.
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Chemistry and Sustainability

Sustainable
Chemistry

Environmental / Planet
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Industry

Green Chemistry:

* Market opportunity grows from $2.8
billion in 2011 to $98.5 billion by 2020.

 Cost saving reaches $65.5 billion by 2020.

Reports from Pike Research



Funding Agency

3 R 7F 5 A £ € (NSF) 20137 i+ “Sustainable
Chemistry, Engineering and Materials (SusChEM)
Awards”: $49 million in 101 groups of scientists

SusChEM: aims to support the discovery of new
science and engineering that will provide humanity
with a safe, stable and sustainable supply of
chemicals and materials sufficient to meet future
global demand.



2000
2002
2004
2006
2008
2010
2012

Academia

Impact factor (IF) | Green Chemistry | ChemSusChem

2.111
2.547
3.503
4.192
4.746
5.472
6.828

6.325
7.475
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Conclusion

Green Chemistry...

“It’s more effective,
it’s more efficient,
it’s more elegant,
it’s simply better chemistry”

by Paul Anastas



Conclusion

" Today, most students who want to
change the world end up being activists.
How many 18-year-olds who care about
the planet say, 'I'm going to go be a
chemist'? But now they can go to the lab
and invent something that can save the
world. "

by John Warner



What can we learn from the history of
Green Chemistry...

When facing complex and emergent issues

— ldentify the missing pieces needed to solve the
problems (e.qg., Warner pointed out chemists’

problem of lacking knowledge in toxicity)

— Work collaboratively even with competitors to
construct the missing pieces (e.g.,

pharmaceutical companies made joint efforts)



What can we learn from the people...

e Step out the comfort zone (John Warner)
* Forget you're a “nobody” (Martin Mulvihill)

* Promote green chemistry to eliminate the
term (Paul Anastas)



Thank you

ichao@chem.sinica.edu.tw
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Prevention
It’s better to prevent waste than to treat or clean up waste afterwards.

Atom Economy
Design synthetic methods to maximize the incorporation of all materials
used in the process into the final product.

Less Hazardous Chemical Syntheses
Design synthetic methods to use and generate substances that minimize
toxicity to human health and the environment.

Designing Safer Chemicals

Design chemical products to affect their desired function while minimizing
their toxicity.

Safer Solvents and Auxiliaries

Minimize the use of auxiliary substances wherever possible make them
innocuous when used.

http://www.epa.gov/sciencematters/june2011/principles.htm



http://www.epa.gov/sciencematters/june2011/principles.htm

Design for Energy Efficiency
Minimize the energy requirements of chemical processes and conduct
synthetic methods at ambient temperature and pressure if possible.

Use of Renewable Feedstocks
Use renewable raw material or feedstock rather whenever practicable.

Reduce Derivatives
Minimize or avoid unnecessary derivatization if possible, which requires
additional reagents and generate waste.

Catalysis
Catalytic reagents are superior to stoichiometric reagents.

Design for Degradation
Design chemical products so they break down into innocuous products
that do not persist in the environment.

Real-time Analysis for Pollution Prevention

Develop analytical methodologies needed to allow for real-time, in-
process monitoring and control prior to the formation of hazardous
substances.

Inherently Safer Chemistry for Accident Prevention Choose substances
and the form of a substance used in a chemical process to minimize the
potential for chemical accidents, including releases, explosions, and fires.
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Resources

Websites
— GreenChemWeb (http://www.greenchem.org)

— RSC list for reviews in Green Chemistry published in 3
journals since 2011.
http://blogs.rsc.org/gc/2012/02/08/reviews-in-green-
chemistry-a-cross-journal-collection

On-Line Learning
— ACS course: Toxicology for Chemists
— Free ACS webinar: Green Chemistry Series

— Free video course: Carnegie Mellon Univ. The
Institute for Green Science

* Introduction to Green Chemistry
(http://igs.chem.cmu.edu/)



http://igs.chem.cmu.edu/
http://www.greenchem.org/

Resources

Lecture Notes

— ACS Summer School on Green Chemistry and
Sustainable Energy

— %d /ARFVE1LITY
http://gc.chem.sinica.edu.tw/workshop/notes.php

Organizations

— ACS Green Chemistry Institute
* The Nexus Newsletter
* ACS GCI Industrial Roundtables
— ACS GCI Pharmaceutical Roundtable
— ACS GCI Formulator’s Roundtable
— ACS GCI Chemical Manufacturer’s Roundtable

— Warner-Babcock Institute for Green Chemistry

— SusChem
 Strategic Research Agenda /Implementation Action Plan

— GreenCenter Canada



http://portal.acs.org/portal/PublicWebSite/greenchemistry/industriainnovation/roundtable/index.htm
http://portal.acs.org/portal/PublicWebSite/greenchemistry/industriainnovation/WPCP_012598
http://portal.acs.org/portal/PublicWebSite/greenchemistry/industriainnovation/index.htm
http://portal.acs.org/portal/PublicWebSite/greenchemistry/industriainnovation/index.htm

Resources

Journals

— Green Chemistry (RSC; launched 1999; 2012 IF = 6.828)

— Green Chemistry Letters and Reviews (Taylor & Francis;
2007)

— ChemSusChem (Wiley; 2008; 2012 IF = 7.475)
— ACS Sustainable Chemistry and Engineering (ACS; 2013)

— Clean Technologies and Environmental Policy (Springer;
2002)

— Energy and Environmental Science (RSC; 2008)
— Green and Sustainable Chemistry (open access)
— Green Processing and Synthesis (De Gruyter; 2012)

News

— ACS C&EN Green Chemistry Collection
http://cen.acs.org/collections/greenchem.html



Resources

Presidential Green Chemistry Challenge Awards
(USA EPA 1996)

Greener Synthetic Pathways Award
Greener Reaction Conditions Award
Designing Greener Chemicals Award
Small Business Award

Academic Award

The European Sustainable Chemistry Award
(EuCheMS 2010)

Alternative Synthetic Pathways

Alternative Feedstocks

Alternative Reactor Design and Reaction Condition
Design and Use of Less Hazardous Chemicals and
Chemical Products
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