Pollution Prevention Via Green Chemistry

The key to green chemistry is that companies do it not
because the government forces them to, but "because

it's more profitable, cheaper and customers like it,"

-Paul Anastas, Director of the Green Chemistry Institute at the
American Chemical Society.

%GREEN
CHEMISTRY

Welcome to our presentation about opportunities to reduce pollution and
increase profitability through the utilization of green chemistry principles.



12 Principles of Green Chemistry GREEN

CHEMISTRY

Prevent waste: Design chemical syntheses to prevent waste, leaving no waste to treat or clean up.
Design safer chemicals and products: Design chemical products to be fully effective, yet have little or no toxicity.
Design less hazardous chemical syntheses: Design syntheses to use and generate substances with little or no toxicity to
humans and the environment
4. Use renewable feedstocks: Use raw materials and feedstocks that are renewable rather than depleting. Renewable feedstocks
are often made from agricultural products or are the wastes of other processes; depleting feedstocks are made from fossil fuels
(petroleum, natural gas, or coal) or are mined
5. Use catalysts, not stoichiometric reagents: Minimize waste by using catalytic reactions. Catalysts are used in small
amounts and can carry out a single reaction many times. They are preferable to stoichiometric reagents, which are used in
excess and work only once.
6. Avoid chemical derivatives: Avoid using blocking or protecting groups or any temporary modifications if possible. Dervatives
use additional reagents and generate waste.
7. Maximize atom economy: Design syntheses so that the final product contains the maximum proportion of the starting
materials. There should be few, if any, wasted atoms.
8. Use safer solvents and reaction conditions: Avoid using solvents, separation agents, or other auxiliary chemicals. If these
chemicals are necessary, use innocuous chemicals.
9. Increase energy efficiency: Run chemical reactions at ambient temperature and pressure whenever possible.
10. Design chemicals and products to degrade after use: Design chemical products to break down to innocuous substances
after use so that they do not accumulate in the environment
11, Analyze in real time to prevent pollution: Include in-process realtime monitoring and control during syntheses to minimize
or eliminate the formation of byproducts.
12, Minimize the potential for accidents: Design chemicals and their farms (solid, liguid, or gas) to minimize the potential for
chemical accidents including explosions, fires, and releases to the environment.
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http://www.epa.qgov/greenchemistry/pubs/principles.html

Green chemistry can be largely summarized by the first 2 of the above
principles, with the following 10 being separate areas of emphasis. Generally
speaking- designing efficient, effective, and environmentally benign chemicals
and chemical processes largely captures the concept of green chemistry. The
above principles were developed by Paul Anastas and J. C. Warner in Green
Chemistry: Theory and Practice, Oxford University Press: New York, 1998,
p.30.



The Twelve Principles of Green Chemistry
from Green Chemistry: Theory and Practice by Paul Anastas and John Warner (Oxford University Press, 1998)

1. Prevention -It is better to prevent waste than to treat or clean up waste after it has been created.

Atom Economy -Synthetic methods should be designed to maximize the incorporation of all materials
used in the process into the final product.

3. Less Hazardous Chemical Syntheses -Wherever practicable, synthetic methods should be designed to
use and generate substances that possess little or no toxicity to human health and the environment.

4. Designing Safer Chemicals -Chemical products should be designed to effect their desired function while
minimizing their toxicity.

5. Safer Solvents and Auxiliaries -The use of auxiliary substances (e.g., solvents, separation agents, etc.)
should be made unnecessary wherever possible and innocuous when used.

6. Design for Energy Efficiency -Energy requirements of chemical processes should be recognized for

their environmental and economic impacts and should be minimized. If possible, synthetic methods should
be conducted at ambient temperature and pressure.

7. Use of Renewable Feedstocks -A raw material or feedstock should be renewable rather than depleting
whenever technically and economically practicable.
8. Reduce Derivatives -Unnecessary derivatization (use of blocking groups, protection/deprotection,

temporary modification of physical/ chemical processes) should be minimized or avoided if possible,
because such steps require additional reagents and can generate waste.

9. Catalysis -Catalytic reagents (as selective as possible) are superior to stoichiometric reagents.

10. Design for Degradation -Chemical products should be designed so that at the end of their function they
break down into innocuous degradation products and do not persist in the environment.

1. Real-time Analysis for Pollution Prevention -Analytical methodologies need to be further developed to
allow for real-time, in-process monitoring and control prior to the formation of hazardous substances.

12. Inherently Safer Chemistry for Accident Prevention -Substances and the form of a substance used in
a chemical process should be chosen to minimize the potential for chemical accidents, including releases,
explosions, and fires. http://www.epa.gov/greenchemistry/pubs/principles.html

Green chemistry can be largely summarized by the first 2 of the above
principles, with the following 10 being separate areas of emphasis. Generally
speaking- designing efficient, effective, and environmentally benign chemicals
and chemical processes largely captures the concept of green chemistry. The
above principles were developed by Paul Anastas and J. C. Warner in Green
Chemistry: Theory and Practice, Oxford University Press: New York, 1998,
p.30.



Dynamic Field

In 2005 Ryoji Noyori* identified three key developments in
green chemistry:

+ use of supercritical carbon dioxide as a green solvent,

+ aqueous hydrogen peroxide for clean oxidations and

+ The use of hydrogen in asymmetric synthesis

Examples of applied green chemistry are supercritical water
oxidation, on water reactions and dry media reactions.

* Bioengineering is also seen as a promising technique for
achieving green chemistry goals. A number of important
process chemicals can be synthesized in engineered
organisms, such as shikimate, a Tamiflu precursor which is
fermented by Roche in bacteria.

*Ryoji Noyori- The Nobel Prize in Chemistry 2001
http://nobelprize.org/nobel prizes/chemistry/laureates/2001/noyori-autobio.html

Unlike some reduction concepts that have been around for quite some time
green chemistry is a rapidly expanding field with almost limitless possibilities
for continuously improving chemicals and chemical processes.



Supramolecular Chemistry

Research is currently ongoing in the area of supramolecular chemistry to develop reactions which can proceed in the solid state without
use of salvents. The cycloaddition of trans-1,2-bis(4-pyridyljethylene is directed by resorcinol in the solid state. This solid-state reaction
proceeds in the presence of UV light in 100% yield.
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Cycloaddtion of trans-1 2-bis(4-pyricyl)ethylene

Concepts such as supramolecular chemistry achieve reactions in a solid state
without the use of any solvents and achieve up to 100% yields.

Supramolecular chemistry and self-assembly processes in particular have been
applied to the development of new materials. Large structures can be readily
accessed using bottom-up synthesis as they are composed of small molecules
requiring fewer steps to synthesize. Thus most of the bottom-up approaches to
nanotechnology are based on supramolecular chemistry.

Supramolecular chemistry is often pursued to develop new functions that
cannot appear from a single molecule. These functions include magnetic
properties, light responsiveness, catalytic activity, self-healing polymers,
chemical sensors, etc. Supramolecular research has been applied to develop
high-tech sensors, processes to treat radioactive waste, compact information
storage devices for computers, high-performance catalysts for industrial
processes, and contrast agents for CAT scans.

Supramolecular chemistry is also important to the development of new
pharmaceutical therapies by understanding the interactions at a drug binding
site. In addition, supramolecular systems have been designed to disrupt
protein-protein interactions that are important to cellular function.



% The Nobel Prize in Chemistry 2005

For the development of the metathesis method in organic synthesis

In 1971 Yves Chauvin was able to explain in detail how metatheses reactions function and what
types of metal compound act as catalysts in the reactions.

Richard Schrock was the first to produce an efficient metal-compound catalyst for methasesis.
This was in 1990. Two years later Robert Grubbs developed an even better catalyst, stable in air,
that has found many applications.

The word metathesis means 'change-places'. In metathesis reactions, double bonds are broken
and made between carbon atoms in ways that cause atom groups to change places. This happens
with the assistance of special catalyst molecules. Metathesis can be compared to a dance in which
the couples change partners.

Metathesis is used daily in the chemical industry, mainly in the development of pharmaceuticals and
of advanced plastic materials. Thanks to the Laureates' contributions, synthesis methods have
been developed that are

more efficient (fewer reaction steps, fewer resources required, less wastage),
simpler to use (stable in air, at normal temperatures and pressures) and
environmentally friendlier (non-injurious solvents, less hazardous waste products).

This represents a great step forward for "green chemistry”, reducing potentially hazardous waste
through smarter production. Metathesis is an example of how important basic science has been
applied for the benefit of man, society and the environment.

http://nobelprize.org/nobel prizes/chemistry/laureates/2005/chemadv05.pdf

The Nobel Prize for Chemistry in 2005 was awarded based on advances in
green chemistry, to reduce solvent use and produce more efficient processes
with higher yields and less hazardous waste/intermediate materials.



Biobased Hazard Reduction for Workers & Capital

HEALTH FLAMMABILITY
PETROCHEMICALS RATING RATING HEALTH RATING
= no hazard
Methyl Isobutyl Ketone (MIBK) 2 3 = caution (may irritate)
Methyl Ethyl Ketone (MEK) 1 3 = warning (if inhaled/
absorbed)
Xylene 2 3 = corrosive/toxic
Toluene 2 3 = danger
(possibly fatal)
Styrene 2 3
FLAMMABILITY
HEALTH FLAMMABILITY RATING
BIOCHEMICALS RATING RATING .
not combustible
Soybean 0il 0 1 combustible
" if heated
Coconut Oil 0 1 combustible liquid
Grain-derived alcohol 0 0 warning o
. (flammable liquid)
Rapeseed 0il 0 1 -~ ﬂangerb(fml,_em%v
T (pinene) 1 0 ammable liquid/gas)

Note: Ratings from the NFPA and chemical manufacturers.

http://www.carbohydrateeconomy.org/library/admin/uploadedfiles/Biochemicals for the Automotive Industry.pdf

Green Chemistry yields additional savings for manufacturers by reducing risks
to workers and consumers. More efficient processes that also limit a
manufacturers liabilities are a double savings.



Biobased Alternatives for the Automotive Mfg. Sector

*Biochemical-Based Cleaning and Degreasing Operations
*Biochemical Alternatives for Paint Stripping Operations
*Biochemical Alternatives for Spray Paint Applications
*Biochemically-Derived Automotive Fluids

*Natural Fiber Substitutes for Automotive Components

http://lwww.carbohydrateeconomy.org/library/admin/uploadedfiles/Biochemicals for the Automotive Industry.pdf

Biobased products open opportunities to not only utilize the principles of green
chemistry but also be from renewable resources. Many biological synthesis
processes are replacing conventional refining or hazardous polymerization
processes.



Ultimately renewable resources may produce a significant amount
manufacturing, pharmaceutical and consumer materials which are currently
are produced with non-renewable and sometimes hazardous materials.



Assignificant component of utilizing green chemistry will be the synthesizing
materials and being able to disassemble and re-synthesize the same or different
materials, creating a truly closed-loop lifecycle process.
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U.S. Environmental Protection Agency
Green Chemistry

Recent Addtions | Contact Us | Prict Version  Search:
EPA Home > i & Toxic > Poliution ion and Toxics » Green Chemistry » Grants & Fellowships

Sl L Grants and Fellowships

ome GREEN
Basic Information
EPA Projects &
FYOONTS TSE | SBIR | Consortia | Fellowships | Vision 2020

Grants & Fellowships

LR l= (LTIl The moment a chemist puts pencil to paper to design the synthetic sequence that will be used to manufacture a chemical product,
he/she also decides whether that seq will use or g hazardous sub that will require special handling, treatment,

Tools & Literature transportation, or disposal. There can be literally hundreds of different chemical reactions o choose from when constructing chemicals,

Documents some of which are more hazardous and generate more pollution than others. With proper forethought and analy51s chemists can
choose reactions that are less hazardous and prevent pollution, thereby avoiding many of the p and liabilities that

Site Map

chemical manufacturers face.

EPA's Green Ct y Program supy fund h in green chemistry in order to provide industry with the chemically
viable tools and method y to develop prod and p that are more lly benign. In 1992, EPA awarded
six grants to fund basic research projects that consider impacts to human health and the environment in the design of chemical
syntheses. Also in 1992, EPA's Office of Pollution Prevention and Toxics signed a Memorandum of Understanding with the National
Science Foundation (NSF) to fund green chemistry research jointly. These initial activities were the first of a number of research

partnerships that have, to date, awarded tens of millions of dollars in the form of grants for fi h in green ch y.
Green chemistry grant opportunities are available through a number of industry/t ity/g . In addition, both the
EPA’s Small Business Innovation Research (SBIR) Program and the EPA/NSF “Technology for a ble E " program

include green chemistry in their research grant solicitations.

http://www.epa.gov/greenchemistry/pubs/grants.html

Green chemistry is being aggressively promoted on several fronts to advance
this technology in the face of dwindling non-renewable resources and
environmental health and safety considerations such as limiting toxic waste
materials.
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enthusiasts my.chemistry.org

educators & students

acs members \_policy makers

of chemicals and materials so that they provide increased performance
and increased value while meeting all goals to protect and enhance

m human health and the environment.
| Natio

Research Education Industrial

Implementation

International

Cooperation Conferences & Events Awards

What are Green Chemistry & Green Engineering?

Green Chemistry Resources

The American Chemical Society is an active proponent and information center

for green chemistry & green engineering research/implementation.

$ chemistrvanrs iy u.m

) Whatis RSS?

search > Mail this page | > Print this page

|
Green Chemistry Institute
Search Tips
acs Google
quick find Green C y differs from p 0 many envir issues.
Rather than using it the ty and
[-chuose a page- 'I of our and in desi and the next
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Green Chemistry Institute

home ) awards

Awards

One of the goals of the Green Chemistry Institute is to recognize outstanding contributions in green
chemistry in an effort to increase implementation of green chemistry technologies. Awards
programs are highly visible mechanisms for informing chemists and society at large about the
henefits of green chemistry.

Presidential Green Chemistry Challenge Awards
http://www.epa.gov/greenchemistry/pubs/pgcc/presgcc.html

Kenneth G. Hancock Memorial Award
http://www.chemistry.ora/portal/a/c/s/1/acsdisplay.html?DOC=greenchemistryinstitute%s5Chancock.html|
Joseph Breen Awards
http://www.chemistry.org/portal/resources/?id=43966216e85b11d6fc136ed9fe800100

Green Chemistry Institute Sabbatical/Fellow Program
http://www.acs.org/portaliresources/ACS/ACSContent/greenchemistryinstitute/PDF/qgci_sabbatical.pdf

Substantial opportunities exist for companies to achieve excellent branding
and name recognition for advances in green chemistry. Most advances have
also yielded significant cost savings and competitive manufacturing advantage
to companies that have implemented green chemistry principles into their
research and development of new products and processes. Excellent case study
information can be found by referencing the above green chemistry award
resources.

13



frequently asked CO,

Vision: Enable a revolution in green chemistry through
cutting-edge, integrated physical science/engineering;
social science; and educational programs.

que:

Info about

Light Scattering UNC

NSF Science and Technology Center

Mission:

» Support multi-disciplinary, fundamental
research to identify and enable sustainable
processes and products using CO,-related

technology

» Enable our science and technology to have
broad societal benefit by understanding and
applying social p that foster collab

and innovation; by attracting and educating diverse
students at all levels; and by promoting the
benefits of sustainability.

2 2
Key Items: irtual Lab Tours
Request Lab Tour on CD
RSP Orientati Cente :
See Lab Pictures at:
raft trategic Plan Spontak Receives Award :‘T h
Sy for Cooperative Research —QS-Q: AT
4 NC - Chapel Hill
- ’ UT - Austin
e Shared Facilities B NG
& Oct 12 NSF Site Review
~ = Inst. for Mat
2005 Annual Report ST

http://www.nsfstc.unc.edu/

The National Science Foundation is actively engaged in sponsoring and

collaborating on research efforts in green chemistry. This center is an example
of one promising area of replacing traditional solvents and solvent processes

with benign solvents or alternative benign processes.
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RSCPublishing ColedtuE ¥ e e

Publishing Other RSC site areas... v | GO Jill Site Search lco

Home » Publishing » Journals » Green Chemistry

About this Journal

“wnaiene —— Green Chemistry

» About this Journal

» Subscriptions

+ People and Contacts Publishing cutting-edge research that reduces the environmental impact of the chemical
+ Cover Gallery enterprise by developing alternative sustainable technologies.

» Copyright & Permissions

Reader Services
» Currentlssue

+ Search RSC Journals
» Atticle Finder

» Advance Articles Green Chemistry, 2006, 8, 497 - 498
» Previous Issues DOL: 10.1039/b607238k

+ HotArticles

» Top 10 Front cover

Alerting Services

Free access
OFPDF

» E-Alerts Service
’

Green Chemistry

Author Services

» Submissions
» Guidelines

Referee Services
» Referee Report Forms
Customer Services

» Advertising
» Librarians

Green Chemistry magazine is another useful resource for tracking ongoing
research and technology breakthroughs in the field of green chemistry. The
ability to search for various types of research and implementation documents
makes this a very significant resource.



e gr egn e emist
@ A

UMASS

Research Research
yutreach

Research projects in our group belong to five major areas

Publications
Academics Non-Covalent Derivatization
General Info

Sroup Bioinspired Photopolymers

Metal Oxide Ceramic Coatings
Reaction Design

An interdisciplina i
approacn 0 Educational Research

http://riverhawk.uml.edu/content/Chemistry 1 2005-03-29 02-48-PM.htm

http://www.greenchemistry.uml.edu/html/research/research.htm

For companies or researchers who are familiar with pollution prevention, the
University of Massachussetts at Lowell has been a significant contributor to
this field through such outstanding enterprises as the Toxic Use Reduction
Institute (TURI). The Center for Green Chemistry has outstanding research
ongoing in a number of green chemistry areas
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2006 Gordon Research Conference
Green Chemistry

Sunday, August 27th - Friday, September 1st, 2006
Magdalen College, Oxford University, Oxford, UK

Emerging Issues in Green Chemistry- Terry Collins / Paul Anastas / Barry Trost
Fine Chemicals from Sustainable Raw Materials-Jeremy Tomkinson / Rawle Hollingsworth / James Clark
Photochemistry-TBA | TBA | Michael Oelgemoller

Design of Compounds for Lower Environmental Impact-Gillian Stephens / Larry Wackett / Anne-Marie
Tillman

Green Process Design- Buzz Cue / Greg Whited / Eric Beckman

Greener Processes in lonic Liquids- Robin Rogers / Chris Hardacre / Buxing Han

New Reaction Discovery- C-J. Li/ Jae Sung Lee / Graham Hutchings

Greener Processes in Non-Traditional solvents- Joan Brennecke / Philip Jessop / Pete Licence
Oral Presentations of Selected Posters-Janet Scott / Jim Hutchinson

Chemical Impact on the Environment-Terry Collins / J. Peterson Myers / TBA

Metal Recovery and Reuse-TBA / Dave Bergbreiter / Martin Goosey

New Opportunities in Green Chemistry-Jim Bashkin / Wayne Garrison / John Warner

http://kazlauskas.cbs.umn.edu/GreenChem06.html

Green Chemistry is in no way limited to organizations within North America.

Worldwide interest in this field has been significant for quite some time and
international conferences on green chemistry research and technology have
been frequent.

17



The 7th International Symposium on Green Chemistry In China
(May 24-26, 2005, Zhuhai, China)

GreenChem2005
6432005
Call for papers
Important dates
Committee
Registration
Accomodation
Symposium program
Tours

Zhuhai City
Sponsorship
Related Links
CAS

NSFC

MOST

Related Link
Related Link

Green chemistry focuses on the design of chemical products, industrial processes,

products utilization and waste clean up that reduce or eliminate the use and

generation of hazardous substances. Research topics in green chemistry mainly

include: green raw material. green chemical processes. green reagents and
solvents

The purpose and scope
Showcasing of the latest developments in the field of green chemistry, promoting and

stimulating the new deve!oprrl\enls for the research on green chemistry sciences

The 2005 symposium will feature presentations on the following topics
(1) Green chemical reactions (including reaction mechanism and process development) and atom economic synthesis;

)
) The design, development, and impl ation of envi tal friendly chemical products;
) Biocatalysis in organic synthesis;

) Economical utilization of renewable resources;

) Informatics and computational simulation on green chemistry;

) Green (In situ, low pollution, low energy cost, cheap) analytic technology;

) Other related green chemistry researches

It is important to note that a major emphasis of green chemistry in the
international community is the economic impacts of utilizing cheaper
renewable inputs and reducing costs by eliminating hazardous materials
management/treatment/disposal costs.
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CO? Substitution for
Conventional Solvents

Carbon Dioxide can replace conventional solvents in a wide
variety of coating, cleaning and other processes.

Solvent use can be reduced by 50-85%; and use of hazardous air
pollutants (HAPs), such as xylene and toluene, can be completely
eliminated in some cases.

When CO2 is heated to 88°F and compressed to 1100 psi, it acts like a solvent
and can be used for thinning viscous coatings to the desired level for
application. Because of its solvent-like properties, CO2 can replace hazardous
hydrocarbon solvents. A conventional hydrocarbon based coating emits 4.0
pounds of VOCs per gallon, compared to a CO2 coating, which emits less than
2.3 pounds of VOCs per gallon. Solvent use can be reduced by 50-85%; and
use of hazardous air pollutants (HAPS), such as xylene and toluene, can be
completely eliminated in some cases.

19



CO2 Opportunities

« CO2 blasting- foundry & plastics molds,
mixing & reaction vessels- plastics,
coatings, resins, ....

» CO2 solvent replacement- coatings,
reactions, ....

Carbon Dioxide substitution represents a significant opportunity to utilize an
existing benign substance to replace a wide variety of more toxic and more
damaging substances. The recyclability and reuse of CO2 in many processes
can make closed loop systems possible.

20



Solvents
Solvents are used to dissolve reactants, and also to extract and purify products. For economic reasons, solvents are

usually recycled.

Unfortunately many organic solvents are volatile, flammable and may pose a risk to health and the environment. All
fraces ofthese solvents musttherefore be captured, as vapour cannot simply be vented to the atmosphere.

Alternative approaches are being developed, and one with growing areas of application is the use of supercritical fluids,
ofwhichthe most common s carbon dioxide. ~ =C=0

COy
carbon dioxide

Solvents are critical for a multitude of industrial processes. The substitution of
Carbon Dioxide CO2 represents a significant opportunity eliminate a wide
variety of environmental, health and safety hazards.

21



Case Study One

When an automotive company applied an
acrylic lacquer clearcoat to automotive sport
wheels with the Unicarb® system, it reduced
solvent emissions by 75%. In addition,
transfer efficiency of the coating was nearly
doubled, from 30% to 54%, while maintain-
ing film thickness and producing a high
quality appearance. This resulted in a 42%
reduction in material costs, and a 27% (per
part) reduction in overall application costs.
Unicarb” reduced the company’s waste treat-
ment and removal costs by 75%. Also, by
reducing rejects by 25%, Unicarb® saved
costly reworking expenses. Payback period for
the installed system was less than six months.

Case Study Two

The Unicarb® system was used by one automo-
tive company to apply a thin adhesion-promoter
primer layer to automotive components made
of thermoplastic polyolefin (TPO). Because
TPO is made primarily of polypropylene, it

is a difficult substrate for polyurethane coatings
to adhere to, and traditionally requires the use
of adhesion promoters. However, using the
supercritical process, transfer efficiency was
increased from 28% to 38%. Coating coverage
quadrupled, from 9 parts per gallon (conven-
tional coating) to 36 parts per gallon. With

an annual spray line of 1.8 million parts, the
company saved $2.5 million in reduced
coating application costs alone." m

http://www.carbohydrateeconomy.org/library/admin/uploadedfiles/Biochemicals_for_the Automotive_Industry.pdf

The utilization of CO2 in these coating processes produced impressive
cost and emission reductions. In this case transfer efficiency was
increased from 28% to 38%. Coating coverage quadrupled, from 9 parts
per gallon (conventional coating) to 36 parts per gallon. With an annual
spray line of 1.8 million parts, the company saved $2.5 million in
reduced coating application costs alone.
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CHy

+ CH3-CHy-CH,-C1

AICly catalyst

Conventional Using scCO.
Friedel-Crafts i) J/ solvent .

CHy

7/

O
+ CHy-CH»-CH,-OH
supercritical

carbon dioxide
re-usable catalyst

< i Comparing Friedel-Crafts products

Utilizing CO2 to replace traditional reaction catalysts can eliminate hazardous
by-products and create closed-loop processes.



Current consumer related
applications of CO, technology

» Carbonated drinks
> Leavening agents in baking
» Solvent extraction

> Surface coating
> Fumigation (1% in air will eliminate pests in greenhouses)

» Dry cleaning
> Surface cleaning
» Welding
> pH control (e.g. effluent streams, pulp and paper mills)
» Refrigeration (dry ice, mechanical systems)
Fire extinguishers
> Life jackets
> Main raw material for photosynthesis (with water)!

http://www.chemsoc.ora/pdf/gcn/ChrisRayner2004.ppt

CO2 has been utilized in a wide range of consumer and industrial process for
quite some time. Its everyday uses make it easy to overlook as a significant
resource for additional utilization.



Carbon Dioxide Fumigation

Sealing of Welded-steel Hopper Bins for Fumigation of
Stored Grain with Carbon Dioxide

Researchers at the Agriculture & Agri-Food Canada Cereal
Research Centre, Winnipeg and the Department of Biosystems
Engineering, University of Manitoba, have developed and tested
practical methods for sealing welded-steel hopper bins for
effective use of carbon dioxide to kill insects in stored grain.

For many years, chemical insecticides and fumigants have been
widely used to control or eradicate stored-product insects. In
recent years, however, concerns about toxic residues in the grain
and potential health hazards to applicators have encouraged the
search for other solutions.

One alternative is to modify the atmosphere in the bin to create
an environment lethal to insects. Researchers have found that an
increased carbon dioxide concentration in a storage structure
(60% volume in air) can kill rusty grain beetles, one of the most
common stored grain pests in Western Canada. The main
advantage of carbon dioxide is that it does not leave toxic
residues on the grain; nor does an elevated carbon dioxide level
affect seed germination or quality. Carbon dioxide is registered
for use as a grain fumigant.

http://res2.agr.gc.ca/winnipeqg/fs/fs08 e.htm

The use of carbon dioxide as a pesticide/fumigant for food grains represents a
significant opportunity to reduce the risks to both workers and consumers from
hazardous chemicals.



Dry Cleaning using CO-

» Current methods use perchloroethylene

1.5 Million tons used per year (North America)

Hazardous air pollutant and suspected carcinogen
Contaminates drinking water supplies

Contributes to photochemical smog

<5% recycled

Requires heating to remove solvent residues
Characteristic odour

Use of PERC in EU to be phased out by 2007

http://www.chemsoc.org/pdf/gcn/ChrisRayner2004.ppt

Carbon dioxide utilization in dry cleaning processes has the potential to
dramatically reduce the exposure of workers in this industry to hazardous
process chemicals.
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Water-based vs. Waterborne Chemistries

In the case of a paint or coating formula, the binder may be dissolved in the
solvent, as in a solvent-based gloss paint. The solvent may be an organic
solvent or it may be water. Alternatively, the binder may be in the form of an
emulsion suspended in water.

The terms solvent-based or water-based are not, strictly speaking, accurate.
The coating is not "based’ on water or solvent, but is either dissolved or
suspended in it. The terms “water borne’ and “solvent borne’ are more
accurate descriptions.

Solvent-borne decorative paints tend to have a slower drying time than
water-borne due to the nature of the binder. This is usually based on natural
oils, such as soybean oil, which reacts with the oxygen in the air to form a
tough durable film.

In terms of paints and coatings, formulations that are dissolved in water are
often referred to as water based. Formulations which are suspensions in water
are often referred to as waterborne. Waterborne chemistries may be essentially
the same as organic solvent based formulas with water serving as the “carrier”
for the constituents.
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Studies: Water-Based Parts Washing

Water-Based Parts Washing

Dr. Katy Wolf and Michael Morris of the Institute for Research and Technical Assistance's Pollution
Prevention Center have developed 3 new guidance documents regarding water-based cleaning. Click
on the document title to download

CAUTION! Due to the graphics, content, and formatting, these files are large but well worth the wait!

 Woater-Based Parts Washing Systems: Case Study Conversions compiled for the U.S Environmental
Protection Agency and Santa Barbara County Air Pollution Control District (609 kb)

o Water-Based Parts Washing Systems: A Guidance Program for Users compiled for the Cal/EPA's
Department of Toxic Substances Control and Santa Barbara County Air Pollution Control District
(449kb)

o Switching to Water-Based Cleaners in Repair and Maintenance Parts Cleaning compiled for the
Cal/EPA's Department of Toxic Substances Control Office of Pollution Prevention and Technology
Development (477kb)

http://www.wrppn.org/PDF/water-based-cleaning.cfm

The concept of replacing many hazardous solvents and cleaners with water
based chemical formulations has been around for quite some time and
produced significant environmental benefits and cost savings. Additional
research to find even more environmentally benign formulations may yield
even more desirable processes and products
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Waterborne Chemistries
Aerospace Coatings Example

Coating 1-1-02 D45 AMS % VOC
Chemical Agent Resistant 220gm/litre <150gm/litre 46% less
Non Slip Walkway 220gm/litre <150gm/litre 126% less
Low Anti Infrared Reflectant 340gm/litre <150gm/litre 126% less
Primer — Internal / External 340gm/litre* <150gm/litre 126% less
Top Coat 420gm/litre <150gm/litre 180% less
Impact Resistant 420gm/litre <150gm/litre 180% less
Clear Top Coat 520gm/litre <190gm/litre 247% less
Fire Resistant - Crvilian 650gm/litre <150gm/litre 333% less
Wing Coating 700gm/litre <150gm/litre 366% less
Touch up Coating 750gm/litre <150gm/litre 400% less
Erosion Resistant 800gmy/litre <150gm/litre 433% less
Missiles or Single Use Target Craft 840gm/litre <150gm/litre 460% less
Primer Compatible with Rain 850gm/litre <150gm/litre 467% less
Erosion Resistant Coating Fire Resistant - 970gm/litre <150gm/litre 546% less
Military

Electrostatic Discharge Protection 1000gm/litre <150gm/litre 566% less

1-1-02 = Solvent Borne D45 AMS= Waterborne
http://dodconf.swri.org/2003Papers/Oxenford.pdf

The early stigma that waterborne formulations were inferior to solvent borne
formulations have largely been eliminated in industry but more importantly in
the laboratory and in actual use and practice. Waterborne formulations have
been developed that outperform solvent based materials and greatly reduce
emissions and operational costs for manufacturers. The Department of Defense
has been significantly responsible for demonstrating the practical and
environmental benefits of this shift in technology.
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Demonstration/Validation of a Zero-VOC
Waterborne Polyurethane Topcoat

http://www.estcp.org/documents/techdocs/199802.pdf

Department of Defense facilities have made significant contributions to
demonstrating the cost savings and environmental benefits of waterborne
coatings.
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home company products tech info industries  contact us Join Team Simalfa

SOLUTIONS FOR A HEALTHIER PLANET

foam fabrication bedding furniture transportation packaging other

Solvent Free 100% Water-Borne System. Solutions for a Healthier Planet!

The number of waterborne formulations for a variety of materials, including
adhesives, provide ample opportunities for many manufacturers to greatly
reduce the environmental impacts of products and processes.



DAP® 4000® vOC-Compliant Subfloor &
Deck Construction Adhesive

1A

This latex-based formula provides the
same superior performance as the solvent-
based DAP® 4000® Subfloor Adhesive. It is
VOC compliant and meets APA AFG-01,
ASTM Specification D 3498 and conforms to
HUD UM-60a. Low odor and easy water
clean-up. Interiorfexterior use.

Technical
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Many consumer products have also taken advantage of waterborne re-
formulation.
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Alternative Synthesis
Pathways

Ibuprofen Case Study- BHC Company Synthesis for the Production of Ibuprofen

http://www.acs.org/portal/resources/ACS/ACSContent/education/greenchem/case.pdf#searc
h=%22BASF%20Celanese%20lbuprofen%22

Polycarbonate Case Study- Elimination of Phosgene in the Production of Polycarbonate

http://www.gscn.net/awardsE/images/GSC-AW2002E.PDF

Adipic Acid Case Study- Renewable Feedstock Alternative for the Production of Adipic Acid

http://www.epa.gov/greenchemistry/pubs/pgcc/winners/aa98b.html

Another important aspect of green chemistry is the discovery of alternative
synthesis pathways. A classic example of this is the traditional synthesis of
Ibuprofen which previously produced large quantities of hazardous waste and
had a relatively low yield of product.
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(CI'i,CO)2

AIC]

(BASF and Celanese Corporation)

HO

CICH,CO,C H,
NaOC He

/k/©):buprofen

CH=NOH

HZNOH
" ,@r)L o
I'Bu

Traditional Synthesis of Ibuprofen

0 == CHCO,CH,

60% Waste

http://www.zerowaste.org/publications/06j gc pres.pdf#search=%22BASF%20Celanese%20lbuprofen%22

The traditional industrial synthesis of ibuprofen was developed and patented
by the Boots Company of England in the 1960s (U.S. Patent 3,385,886). This
synthesis is a six-step process and results in large quantities of unwanted waste
chemical byproducts that must be disposed of or otherwise managed. Much of
the waste that is generated is a result of many of the atoms of the reactants not

being incorporated into the desired product (ibuprofen) but into unwanted

byproducts
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Green Chemistry Alternative Synthesis of
Ibuprofen

(CH c0)2 N H,
,L,@ + CH,COOH  catalyst

COH

CO Pd
1% Waste

Ibuprofen

(BASF and Celanese Corporation)

http://www.zerowaste.org/publications/06j gc pres.pdf#search=%22BASF%20Celanese%20lbuprofen%22

The BHC Company has developed and implemented a new greener industrial
synthesis of ibuprofen that is only three steps (U.S. Patents 4,981,995 and
5,068,448, both issued in 1991). In this process, most of the atoms of the
reactants are incorporated into the desired product (ibuprofen). This results in
only small amounts of unwanted byproducts (very good atom economy/atom
utilization)4—10 thus lessening the need for disposal and mediation of waste
products.
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The Use of Phosgene in the
Synthesis of Polycarbonates

CH,

| H,0/CH.CI,

1 phosgene interfacial

CH, polymerization
bisphenol A

i o
—+0— —O@C@ +(n-1) NaCl
CH3

polycarbonate
(Kyosuke Komiya, ef al., Asahi Chemical)

http://www.zerowaste.org/publications/06j gc pres.pdf#search=%22BASF%20Celanese%20lbuprofen%22

The vast majority of polycarbonate is made in a process where CO
and chlorine are combined to form phosgene, a toxic gas, as an
intermediate material. The phosgene process entails a number of
drawbacks in environmental terms including the toxicity of
phosgene, the use of the low-boiling-point solvent methylene
chloride to which exposure must be restricted, and the large

quantity of waste water containing methylene chloride which must

be treated.
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Diphenylcarbonate as an
Alternative to Using Phosgene

CH,

Ho| @ @ [Ph—0——o0—h |
>
solid-state

polymerization

bisphenol A

i T
L O-LO~
CH;

polycarbonate
(Kyosuke Komiya, et al,, Asahi Chemical)

http://www.zerowaste.org/publications/06j gc pres.pdf#fsearch=%22BASF%20Celanese%20lbuprofen%22

This technology uses ethylene oxide, its by-product CO2, and bisphenol-A as
starting materials to produce high-quality polycarbonate and high-purity
ethylene glycol at high yield. Because CO2 has low chemical reactivity, it was
considered to be difficult to incorporate it into the polycarbonate main chain.
However, this technology

successfully integrates all of the CO2 used into the products through deft
utilization of chemical reactions. The CO2 used as starting material is a by-
product generated in the production of ethylene oxide (generally used to make
ethylene glycol for PET bottles and polyester fiber), and is usually released to
the atmosphere.
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Traditional Feedstock in the Synthesis
of Adipic Acid
(@) OH
Ni- AI203 Co, 02
+
370 800 psi 120 140 psi
benzene cyclohexane cyclohexanone cyclohexanol
Cu, NH,VO,, CO,H
4Vl HOZCM/ 2 + N,O
HNO, adipic acid
http://www.zerowaste.org/publications/06j gc pres.pdf#search=%22BASF%20Celanese%20lbuprofen%22

In excess of 4.2 billion pounds of adipic acid are produced annually and used
in the manufacture of nylon 6,6. Most commercial syntheses of adipic acid use
benzene, derived from the benzene-toluene—xylene (BTX) fraction of
petroleum refining, as the starting material. In addition, the last step in the
current manufacture of adipic acid employs a nitric acid oxidation resulting in
the formation of nitrous oxide as a byproduct. Due to the massive scale on
which it is industrially synthesized, adipic acid manufacture has been
estimated to account for some 10 percent of the annual increase in atmospheric

nitrous oxide levels.
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Alternative Feedstock in the Synthesis

of Adipic Acid
CO,H HO,C
Ibf E. coli E coli |
I
CO,H
OH OH
D-glucose 3-dehydrosh|k|mate cis, cis-muconic acid

Pt, H2 CO.H
— HOZC/\N 2
50 psi adipic acid

(John W. Frost, et a/,, Michigan State)

http://www.zerowaste.org/publications/06j gc pres.pdf#fsearch=%22BASF%20Celanese%20lbuprofen%22

In this reaction nontoxic glucose is employed as a starting material, which, in
turn, is derived from renewable carbohydrate feedstocks, such as starch,
hemicellulose, and cellulose. In addition, water is as the primary reaction
solvent, and the generation of toxic intermediates and environment-damaging

byproducts is avoided.



Alternative Synthetic
Pathways Category

Archer Daniels Midland Company
Novozymes

NovalLipid™: Low Trans Fats and Oils Produced by Enzymatic
Interesterification of Vegetable Oils Using Lipozyme®

The ADM/Novozymes process has the potential to save 400 million
pounds of soy bean oil, eliminate 20 million pounds of sodium
methoxide, 116 million pounds of soaps, 50 million pounds of bleaching
clay, and 60 million gallons of water each year.

http://www.epa.gov/greenchemistry/pubs/docs/award_recipients 2005.pdf

An exciting area of research and product development is the replacement of
many material intensive chemical processes with natural processes using
biological action to create renewable and non toxic production scenarios.
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TECHNOLOGY

Nexia Biotechnologies Inc.

P.O, BOX 187

Branch Jean-Talon
Montreal, Quebec, Canada
H1S 222

Phone: 514.58-NEXIA
(514.586,3942)
Fax: 514.371.7880

Contact Nexia

Products Technology R& A a's Process i nts Publicati

techno

BioSteel®

BioSteel® is Nexia's recombinant dragline spider silk program and is
based on using Nexia's transgenic goat technology. Spider silk has
long been admired by material scientists for its unique combination of
high-performance properties including toughness, strength, lightness
and flexibility. Nexia has exclusive worldwide rights to broad patents
covering spider silk genes and proteins and is in the process of
developing a commercial spinning process for BioSteel *.

Nexia has decided to refocus fibre development towards biopolymer
sales and specialized nano-scale fibre applications for spider silk and
away from traditional fibres and yarns. This decision was prompted
by the emerging interest in nanofibres and by the ongoing technical
challenges of producing bulk, cost competitive spider silk fibres with
superior mechanical properties, especially strength. Nexia has
suspended it's outsourcing of spinning micron-sized fibres with
Acordis SF and stopped its in-house spinning effort. Spinning of
BioSteel* proteins into nanometer diameter fibres has been achieved
and Nexia is now determining the product specifications for medical
and micro-electronic applications.

By studying processes in nature, many products may be possible that are

superior in performance to many existing industrial materials.
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CONTACTUS SEARCH

Environment at MIT el ®

MITS
REDUCE
RECYCLE AND MORE
] ENVIRONMENTAL
w7 -~ 3 i - PROGRAMS AND EHS

U ALSO
-\ OF INTEREST

For Students

Tips for Sustainable
Solvent Practices

BL_L N (rcen Chemicals
Departments and Classes

Purchasing System (PDF)
Interdisciplinary Programs
asd Conters Green Chemical Alternatives Purchasing Wizard Generic Solvents
Alternative Guide
The Green Chemical Alternatives (PDF)

Purchasing Wizard is intended as a
tool to reduce the hazardous waste
profile in research labs, an effort that
ultimately saves MIT, and its
researchers, money while reducing
hazard potentials and the burden to
our environment. It is supported by
Executive Vice President Curry's Fall
2003 Institute-wide purchasing policy,
which identified environmentally
preferable purchasing as a sound
method for saving money while
maintaining MIT's reputation for
sunerinr research. Tt is further

SciFinder Scholar

http://web.mit.edu/ENVIRONMENT/academic/purchasing.html|

A major factor in the push to improve the efficiency and safety of chemical
formulations is demand. As more companies work at efforts to “green” their
input chemicals and their supply chain, green chemistry creates market
advantage for companies who reformulate or create new chemicals which are
more effective.
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Green chemistry Information for Further Study

Next Generation Environmental Technologies
http://www.rand.org/pubs/monograph reports/MR1682/

25 Green Chemistry Case Studies
http://www.rand.org/pubs/monograph reports/MR1682/MR1682.appa.pdf

Index of Green Chemistry Challenge Winners by Technology
http://www.epa.gov/greenchemistry/pubs/pgcc/topics.html

Five Chemicals- Alternatives Assessment Study
(Lead, Formaldehyde, Perchloroethylene, Hexavalent Chromium & DEHP)

http://www.turi.org/content/content/download/3194/29300/file/Master5Chem-final-
2.pdf

For organizations or individuals interested in exploring this topic in more
depth, the above references are provided to guide you to specific applications
where green chemistry principles are being employed. Numerous other
publications are also referenced in the earlier slides of this presentation which
have extensive literature on technologies and approaches to green chemistry.
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Other Related Programs

Sustainable Futures- USEPA TSCA Chemical Development

http://www.epa.gov/oppt/newchems/pubs/sustainablefutures.htm

Toxics Use Reduction Institute

http://'www.turi.org/

Product Stewardship Institute

http://www.productstewardship.us/

MBDC Cradle to Cradle Certification

http://www.mbdc.com/certified.html

There are numerous formal programs and approaches to implementing green
chemistry and green design options into products and processes. Represented
here are a few with extensive resources for assisting with greening a product or
process.



