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—Paul Anastas and John Warner in Green Chemistry: Theory and Practice (Oxford University Press: New York, 1998).

1. Prevent waste: Design chemical syntheses to prevent waste,

leaving no waste to treat or clean up.
LR R E LA WAAE, A2 T EAFEA ‘m}%#_,_

2. Design safer chemicals and products: Design chemical products
to be fully effective, yet have little or no toxicity.

RPFRZ2DCFRGrd 25 X2 2enFBRHET £S5

[Lenis F & .

the environment.
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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.

@7 T GREL R T IS, 6 A ORGP
A AERPEE Y kp R iF S H v W ITERSRRE. AR RE
BRIk p 2SR (FD. X RF&F)Ed KFA 7.

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.

@ % ka0 £ 4R AR {17 AF R AR RS
ﬁg&;’ﬁﬁ“*oﬁf FEHRSE-FRB.AAEVCEELER 5B

g’%_'_"]éf; FZHEE. P EART - =,




6. Avoid-chemical derlvatlves‘Avmd using blockmgﬂr’ﬁfcfectmg
“groups or any temporary modifications if possible. Derivatives use
additional reagents and generate waste.

WHIVETS P E—j Ao A @ F FEIEE REF R P D
B AF, AR PR F {5 hERIG T A4 B

/. 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.

FEE A DRI L KPP EFRE &fﬁé_%%‘*p&—’t%é}ﬁﬂ}ﬁ
W F . By ARRFSRF.WLG - KR,

8. Use safer solvents and reaction conditions: Avoid using
solvents, separation agents, or other auxiliary chemicals. If these
chemicals are necessary, use innocuous chemicals

i®F RE DA Aok }@:u— R R MR AR - & | ﬂ”ﬁ’#’
BB ek F LR R BT it BB =)
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9. Increase energy eff|C|ency Run chemical reactions at ambient
‘temperature and pressure whenever possible.

ﬁﬁ“‘!ﬁ‘; B d . 4“_"_’ RREFEFTRTEFCVER R
10. Design chemlcals 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

i 8 A fReD ’“%‘?%A‘MPE# K ¥ {8 a A fF

%‘fé_#. RT3 € ap REBEREARR.
11. Analyze in real time to prevent pollution: Include in-process real-time
monitoring and control during syntheses to minimize or eliminate the
formation of byproducts.

BEAT S T4 e~ ERY A B o d. AR
LS S
12. Minimize the potential for accidents: Design chemicals and their
forms (solid, liquid, or gas) to minimize the potential for chemical
accidents including explosions, fires, and releases to the environment.
RPFEA RV R EI M P EFEZ PR (L RS, & F
)M RFLTCFERAT R R M, e BRI A2V E A2 R EHRB
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-What IS green chemistry? i+ f&-§_ % ¢ it 72

-Green chemistry is the design of chemical products and
processes that reduce or eliminate the use and generation of
hazardous substances.

CHEP O RPCFRLE FUBERT HE AT AL P e
_%f;*l&"‘ RfLE & CF W RIF MARFEY, &k = 3% BLE- &

‘Discovery and application of new chemistry/technology leading to
prevention/reduction of environmental, health and safety impacts
at source

cFRLRFREAPLE/FECORRR R 2L 2T R
AR ER

P. Tundo, P. Anastas, D. Black, J, Breen, T, Collins, S, Memoli, J, Miyamoto, M, Polyakoff, and W,

Tumas, Synthetic pathways and processes in green chemistry. Introductory overview,
Pure and Applied Chemistry, 2000, 72, 1207-1208




Dr. Paul T. Anastas Dr. John C. Warner
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The Presidential Green Chemistry Challenge Awards Program
(EPA and GCI, USA)

IS an opportunity for individuals, groups, and organizations to
compete for annual awards in recognition of innovations in cleaner,
cheaper, smarter chemistry.

*Focus Area 1: An industry sponsor for a technology that
uses greener synthetic pathways.

*Focus Area 2: An industry sponsor for a technology that
uses greener reaction conditions.

*Focus Area 3: An industry sponsor for a technology that
Includes the design of greener chemicals.

«Small Business: A small business for a green chemistry
technology in any of the three focus areas.

*Academic: An academic investigator for a technology in any
of the three focus areas.




Presidential Green Chemistry Challenge Awards

Since the program's inception in 1995, it has recognized 67
groundbreaking developments out of hundreds of applications.
According to EPA statistics, these technologies combined will

eliminate an estimated 193 million |b of hazardous chemicals and
solvents, 21 billion gal of water, and 57 million Ib of carbon dioxide
from Industrial processing in the U.S. this year *.

*till 2008.
Chem. & Eng. News (Sustainability special issue), August 18, 2008
http://pubs.acs.org/cen/coverstory/86/8633cover3.html

2001 Academic Award Professor Chao-Jun Li ,Tulane University
2000 Academic Award Professor Chi-Huey Wong, The Scripps Research Institute

http://www.epa.gov/greenchemistry/pubs/pgcc/presgcc.htmi


http://www.epa.gov/epahome/exitepa.htm
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1. E[g\ze.&twaste Design chemical-syntheses to prevent waste,
leaving no waste to treat or clean up.

BALAE: R E S IR ZWARE, AL FAILR F IR
H

Bl %—?(Advil, Motrin) Ibuprofen Boots Co. z. & = = = (US. Patent 3,385,886, 1960)

-IJ'-""




b }?i ‘.;.#;;-(Advn Motrin) Ibuprofen ZBHC Co & & = ;&

(BHC = Boots + Hoechst Celanese Corporation http://www.answers. com/toplc/hoechst-ceIanese-corporation )

@)
HF catalyst

Ibuprofen

6— 3 % 2 B2 40 —> 80%
*1997 Greener Synthetic Pathways Award

BHC Company (now BASF Corporation http://www.basf.com/group/corporate/en/)
Ibuprofen Process

1A [ SRR e R R (http://ge.chem.sinica.edu.tw )
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2. Design safer chemicals and products: Design chemical

products to be fully effective, yet have little or no toxicity.
RIFRZ2DCFRfrd 2 X 2F xn 3 ERMEL7 E
F it & P

3. Design less hazardous chemical syntheses: Design syntheses

to use and generate substances with little or no toxicity to humans
and the environment.

3 *“f T ML F &N Kithg = A% 3‘?1“‘ Rick B n3 |

%*z,*ﬂmﬁ%# A2 FHEFHEAMAT EZ Bad &




K2V I T,
g3 4 7. tributyltin oxide
(Z 7 =A% ) Increased fuel consumption, $3 billion/year
_‘:L» A’ ﬁ ’;‘ "5,‘\ 2 }; . . _ - .
= Hf SONIES Increased }me/m\nry\s”oew&7 billion/year

HoOEBFAF BE
Risk Quotient = predicted environmental cori@tration / predicted
no-effect environmental concentration = 15-430




Rohm and Haas <> & & #& 1.140 7 1“ & 2097, 35 3 14,5- d;ghjroro -2-n-

octyl-3- 1soth1azohn -3-one (Sea—Nme antifoulant). Sea-Nine§r
x cl o)

TBTO- #h ¥tz ixh2 3 & .

TRP- R
I

Sea-Nine # 4 '% 2% &

O

CsH17NHC(O)CH2COOH

!

CsH1i7NHCOOH <«— CsH1i7NHC(O)COOH <«— CsH17NHC(O)CH2CH3

Risk Quotient = 0.024-0.36 vs. TBTO 15-430

D. K. Larsen, |I. Wagner, K. Gustavson, V. E. Forbes, T. Lund, Long-term effect of Sea-Nine on
natural coastal phytoplankton communities assessed by pollution induced community tolerance,

Aquatic Toxicology 62 (2003) 35/44
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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.

2, @ Y, DR P et
B v Qe angl. o £ R
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adipic acia__

Route 1

O OH
Hi-A|203 CO-02
+
370-800 psi 120-140 psi

Route 2

E. coli — COyH

OH OH OH

B Route2 MHFHEAFF > LR FRF BIEE

Benzene-Free Synthesis of Adipic Acid, Wei Niu, K. M. Draths, and J. W.

Frost, Biotechnol. Prog. 2002, 18, 201-211.
e A< [~ 5 aﬁf} ,Ew’ﬁil\ﬁi,%’eﬁf} ( http://gc.chem.sinica.edu.tw )

FEELING CHEEKY?
AHISTORY. DF W
THE DERRIERE \

Aani 256

HNO;

CO,H
HOzc/\/\/ 2
adipic acid
Pt, H,
50 psi



. _* Homogeneous catalysis:

"D. Use catalysts, not stoichiometric Heterogeneous CataIySIS

reagents: Minimize waste by using ’ O.rgano cat_aIyS|s
catalytic reactions. Catalysts are * Bio-catalysis
used in small amounts and can carry  * Photo-catalysis
out a single reaction many times.
They are preferable to stoichiometric
reagents, which are used in excess
and work only once.

Bio-catalysis
»Fast reaction due to correct
catalyst orientation (4cP-F &)
»High degree of selectivity;
) . y possible for asymmetric
g W‘&#‘”’ A F G R synthesis (= %4. é’%#s%’a%ﬂrs)
b ﬂf @3'5?'—1; f@ AR }é‘ = > Water soluble (k/%, ¥ A k32 (7)
Y ﬁ'§ W ngj% ‘b F v ¥ & % »Naturally occurring; non-toxic,
low hazard (p A% 4, 3 1K)
» Energy-efficient reactions
under moderate conditions of
pH, temperature (* & -, & it )
» Possibility for carrying out
sequential one-pot synthesis

(Fi&f7- #F &)

2

i
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T
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2009 Academic Award

Professor Krzysztof Matyjaszewski , Carnegie Mellon University

Atom Transfer Radical Polymerization: Low-impact-Polymerization Using : a
and Environmentally Friendly Reducing Agents

2007 Greener Reaction Conditions Award

Headwaters Technology Innovation

Direct Synthesis of Hydrogen Peroxide by Selective Technology

2006 Greener Reaction Conditions Award

Codexis, Inc.

Directed Evolution of Three to Produce the Key Chiral Building Block for

Atorvastatin, the Active Ingredient in Lipitor®

2003 Greener Synthetic Pathways Award

Sud-Chemie Inc.

A Wastewater-Free Process for Synthesis of Solid

2001 Academic Award

Professor Chao-Jun Li, Tulane University

Quasi-Nature Catalysis: Developing Transition Metal Catalysis in Air and Water

1999 Greener Synthetic Pathways Award

Lilly Research Laboratories

Practical Application of a in Pharmaceutical Manufacturing

1998 Academic Award

Dr. Karen M. Draths and Professor John W. Frost

Michigan State University

Use of as Environmentally Benign Synthetic Catalysts
Presidential Green Chemistry Challenge, http../www.epa.gov/gcc/pubs/pgcc/presgcec. html/
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6. Avoid chemical derivatives: Avoid using blocking or protecting

groups or any temporary modifications if possible. Derivatives use

additional reagents and generate waste.
WELLEFAS: gV LY R FEH LN TP om

AR, AR L 7 ERIG 2R3 BRFL

/. 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.

FREEL PR FER RLLAR T uﬁﬁ_ﬁ# 5 F 5 4 WA R
S F B A ARG PRI, TG A AR,




Atom Economy (i + FANp i) =
~m.w. of G x 100%/ ~ (m.w. A,B,D,F)
for a generic multi-stage reaction:
A+B-C C+D-E E+F-G

(Introduced by Barry Trost, Stanford University)
O 6 O—CHCO,C,Hs
(“H3~0),0 CICH,CO,C5H5
/E\/Q AChL )\/<))k NaOCHs )\@ m.Wt. used
3 1 133 132
cHO 2 102 27

4 1225 13
5 68 0

/7 19 0

—— P 33 0
Ven AT 36 33
11 13

Ibuprofen

514.5 206
A.E.=206/514.5=40%




—— \

BHC Co. Synthesis of |Ibuprofen

2 0 4

HF catalyst

1

OH 6 Cll(.)zH m.Wt. used

£o. P 1133 132

Ibuprofen
13

A. E.=206/266=77%




Environmental (E) factor
E- Factor =Total Waste (kg)/Product (kg) (Bl 287 % 47» ,_)

The wastes of the synthesis of phloroglucinol (%% ) from TNT.

COCH

NO,

TNT was oxidized by dichromate/sulfuric acid and then followed
by Bechamp reduction with iron and hydrochloric acid to give
phloroglucinol.

The wastes involved are Cr,(SO,) ;, NH,CI, FeCl,, and KHSO,.
40 kg wastes produced when 1 kg of phloroglucinol obtained.

E = 40 (However, the atom utilization is 5%.)

R. A. Sheldon, E Factors, green chemistry and catalysis: an odyssey, Chem. Commun., 2008,
3352-3365.




Environmental (E) factor
E-Factor = Total Waste (kg) / Product (kg)

R. A. Sheldon, Chem. Commun., 2008, 3352-3365.

E-Factors across the chemical industry
1%z E-7]3)

Annual ) Waste Produced
Production (ton) (ton)

Industry Sector

8;;: ;ie,gt‘:;g 10°-10% 40 105-107

Bulk Chemicals IR OAET60
(k FACHE & ) %

Fine Chemicals
(5 tm L2 5%) 10:5104 5X10%-5X105

Pharmaceuticals

e 10-103 25- 2.5X10%-103
(3) 0
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8. Use safer solvents and reaction conditions: Avoid using
solvents, separation agents, or other auxiliary chemicals. If these
chemicals are necessary, use innocuous chemicals.

RF T 2B AR BiEE BAR T BAL A RRD L v e
B ek ERFFERR T gt FEE




GWP
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BESE

Environmental
considerations

]t

Toxicity
GWP

Regulatory
issues

‘o abiE solven

Chemical
requirements

Solubility
reactivity 't
yield

Preferrec
solvents

Green Chemistry Metrics, p.22 (Blackwell, 2009)
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s
14% §

Engineering
constraints




iR
water
acetone
ethanol
2-propanol
1-propanol
ethyl acetate
isopropyl acetate
methanol

methyl ethyl ketone
1-butanol

t-butanol

BE R AE SRR

7 %
cyclohexane
heptanes

toluene
methylcyclohexane
methyl t-butyl ether
Isooctane
acetonitrile
2-methyI|THF
tetrahydrofuran
xylenes

dimethyl sulfoxide
acetic acid

ethylene glycol

K. Alfonsi, et al., Green Chem. 2008, 10, 31-36

7 T2 18 e

pentane

hexane

di-isopropyl ether
diethyl ether
dichloromethane
dichloroethane
chloroform

dimethyl formamide
N-methylpyrrolidinone
pyridine

=Sty acatete=
dioxane
dimethoxyethane
benzene

carbon tetrachloride




Table 2 Solvent replacement table

Undesirable solvents

Alternative

Pentane

Hexane(s)

Di-1sopropyl ether or diethyl ether

Dioxane or dimethoxyethane

Chloroform, dichloroethane or carbon tetrachloride

Dimethyl formamide, dimethyl acetamide or N-methylpyrrolidinone
Pyridine

Dichloromethane (extractions)

Dichloromethane (chromatography)
Benzene

Heptane

Heptane

2-MeTHF or tert-butyl methyl ether
2-MeTHEF or tert-butyl methyl ether
Dichloromethane

Acetonitrile

Et;N (if pyridine used as base)
EtOAc. MTBE, toluene, 2-MeTHF
EtOAc/heptane

Toluene

K. Alfonsi, et al., Green Chem. 2008, 10, 31-36




Searching for benlgn solvents (2
Water (-k)

Non-volatile solvents (ionic)

EIT MR G i '
Ew I“ ‘v ) (ﬁ;}ﬁ: >Rep|ace Volatile organic

. 1\ and
Supercritical solvents (& )

N hazardous
(ATt i3 A —)

solvents
@z fop 3

Other benign solvents

(H )

Solventless

(7% A))




lonic solvents (&< 3 &) ——

12005 Academic Award, Professor Robin D. Rogers

The University of Alabama

A Platform Strategy Using lonic Liquids to Dissolve and Process
Cellulose for Advanced New Materials

Innovation and Benefits: Professor Rogers developed methods
that allow cellulose from wood, cloth, or even paper to be

chemically modified to make new biorenewable or biocompatible
materials. His methods also allow cellulose to be mixed with other
substances, such as dyes, or simply to be processed directly from
solution into a formed shape. Together, these methods can
potentially save resources, time, and energy.

1-butyl-3-methylimidazolium chloride ([C4mim]ClI),
Fef1-7 BL-3-PIRLPRE S o
recyclable
y WN £ H“‘x J. Am Chem Soc. 2002

May 8:124(18):4974-5.




1-butyl-3-methyl-4,5-dihydroimidazolinium iodide and
1-butyl-3-methyl-4,5-dihydroimidazolinium hexafluorophosphate

TR B &M T 185 #4edimethyl formamide, 1,3-dimethyl-
2-imidazolidinone, # dimethyl sulphoxide & ;& & ™ ~ J&.
AR S i iEA b

Gok, Ozdemis, Celinkaya, Chinese Journal of Calalysis, vol. 28, 489-491 (2007).




Supercritical Fluid (A2 527 7% %)

2002 Academic Award Professor Eric J. Beckman, University of
Pittsburgh

Design of Non-Fluorous, Highly CO,-Soluble Materials
Professor Beckman’s simple heuristic model was demonstrated
on three sets of materials: functional silicones; poly(ether-
carbonates); and acetate-functional polyethers. Poly(ether-

carbonates) were found to exhibit lower miscibility pressures in
CO, than perfluoropolyethers, yet are biodegradable and 100
times less expensive to prepare. Other families of non-fluorous
CO,-philes will inevitably be discovered using this model, further
broadening the applicability of CO, as a greener process solvent.

Presidential Green Chemistry Challenge, htlp.//www.epa.gov/gcc/pubs/pgcc/presgec. html/

E. J. Beckman, et al., Design and evaluation of nonfluorous COZ2-soluble oligomers and polymers.
J Phys Chem B. 2009 Nov 12:113(45):14971-80.
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2009 Greener Synthetic Pathways Award
"Eastman Chemical Company
A Solvent-Free Biocatalytic Process for Cosmetic and Personal
Care Ingredients
Innovation and Benefits: Esters are an important class of
Ingredients in cosmetics and personal care products. Usually,
they are manufactured by harsh chemical methods that use
strong acids and potentially hazardous solvents; these methods
also require a great deal of energy. Eastman's new method uses
Immobilized enzymes to make esters, saving energy and
avoiding both strong acids and organic solvents. This method is
so gentle that Eastman can use delicate, natural raw materials to
make esters never before available.

. esters are manufactured using

Kodak: a variety of esters are synthesized via enzymatic (lipase)
esterifications at mild temperatures.
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9. Increase-energy efficiency: Run-chemical reactions-at amblent
-temperature and pressure whenever possible.

BAivadhoad: gV a ¥ ETRTEFCEF .

Alternative energy source (# t it k)

* Photochemical reactions (& i & £ )
» Specific bond targeted
» Low reaction temperature/higher selectivity
» Microwave-assisted reactions (Hcid #f 84 & &)
» Fast heating rate by rotation friction (10 °C per second)
» Target molecules with dipole
e Sonochemistry (&£ ¢ & i* §)
» Generate local high pressure and temperature
* Electrochemical synthesis (& i* & & =)
» Often water-based
» Usually mild operating conditions
» Atom efficient — replacement of reagents by electrons
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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.

KPP BRABACEERfcAP: RPRPERLAfEERT P
AV F AL URT PR € P RBREAT .




2001 Greener Synthetic Pathways Award

Bayer Corporation, Baypure™ €X- (Sodium ImlnodlsuccTrﬁte)
"An Environmentally Friendly and Readily Biodegradable
Chelating Agent (¥ 4 f22_ 453 8))

Innovation and Benefits: Chelating agents are ingredients in a
variety of products, such as detergents, fertilizers, and household
and industrial cleaners. Most traditional chelating agents do not
break down readily in the environment. Bayer Corporation and
Bayer AG developed a waste-free, environmentally friendly
manufacturing process for a new, biodegradable, nontoxic
chelating agent. This new process eliminates the use of
formaldehyde and hydrogen cyanide.

TETRASODIUM IMINIDISUCCINATE

http://www.chemicalbook.com/ChemicalProductProperty
_EN_CB6120799.htm
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“11. Analyze in real time to prevent pollution: Include in-process
real-time monitoring and control during syntheses to minimize or
eliminate the formation of byproducts.

BREEAPTUIZEE R s ~iERY e BEE g frindl R RA S
30 ML S |

5] : Nitroglycerin & it 4 & 2 S

NTROGLYCE
OH N02 ! =’~<'~7-‘w,USPCEmN

| m (5 mg/mL)
HNO, __ | /L |
HO OH O,N NO

2

Hbde 1:1 BRIz Emps &, | mEit
MERAA A B2 EEREILF R iER HP I A LA ey S
T B - TRk Afgg@:;; T Ok

S TIF TR R LY SV E Y

Frenk JE Rk - }\mvg’ﬁffﬂg f&,“ggr"v A4 E TR s~ RS2y
¥94 T k- B4 AT A B,

FRBE-FEBFM, -+ E T g B0 ke,

T R E ;i_i_j,%#io\,,-c?,;i;%o\ be B KR




AR e A >
_— e H ? Bl =t A

e .

EAETFE ITHRES R R A
| re " [ty P aaaeas Eed e D
~ _%? : -::Ipr
!% ¥ .

ke | : BAATH
LRI Ao ~
Rt sure P waame '@"‘ e & P

REBHBE? v Y
< T AR ’ ?

RAEE A
A
AR 2 ST
A FTLRS _E_P-‘ o ’
ﬁm% y

TRETH
B2

¥

e ER 1% B8




e iv8 L -1 R

12. Minimize the potential for accidents: Design chemicals

and their forms (solid, liquid, or gas) to minimize the
potential for chemical accidents including explosions,

fires, and releases to the environment.

G R T R ED R R EHZ

., R F BN R F LT KR, ¢

R ASUERE 1Y RRA.
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(4 -,m/ CATEE T E A, - ERERE L)
Designing and operating safe chemical reaction processes




Condensed Principles of Green Chemistry
(3 L EL-RAEZFHR)

P — Prevent wastes (7 i+ Bid)

R — Renewable materials (* ¥ £ ] * £ )

O — Omit derivatzation steps (4 2 72 ¥ # 3%)

D — Degradable chemical products (i* E 3 ¥ p {7 4 f#)

U — Use safe synthetic methods (% * & > & =2 )

C — Catalytic reagents (4] #* it )

T — Temperature, Pressure ambient (&% 8 - ¥F & T & =)

| — In-Process Monitoring (if iz & = iE 42 )

V —Very few auxiliary substances (> * # 254 )

E — E-factor, maximize feed in product ( ¥ #-E-%]F Bz #3399
L — Low toxicity of chemical products (F * & i B )

Y —Yes, itis safe (¥, %4 & % )

Twelve principles of green chemistry written in the form of a
mnemonic: PRODUCTIVELY (12m Plen® <~ F e L4z k = 71 &
PRODUCTIVELY=% = % 3 )

S.L.Y. Tang, R. L. Smith, M. Poliakoff, Green Chem., 2005, 7, 761-762




Answers for quiz

1=p, 2=e, 3=u, 4=l, 5=v, 6=t, 7=r, 8=0, 9=c, 10=d, 11=I, 12=y




12 Principles of Green Engineering™

1. Ensure that all materials and energy inputs and outputs are inherently non-hazardous.
2. Prevent waste rather than treat/clean up waste.

3. Separation and purification operations designed to minimize energy & materials use.
4. Products, processes, and systems designed to maximize mass, energy, space, and
time efficiency.

5. Products, processes, and systems should be “output pulled” rather than “input
pushed” through the use of energy and materials.

6. Recycle.

/. Targeted durability, not immortality, should be a design goal.

8. Design for unnecessary capacity or capability solutions should be considered a
design flaw.

9. Material diversity in multi component products should by minimized to promote
disassembly and value retention.

10. Design of products, processes and systems must include integration and
interconnectivity with available energy and materials flows.

11. Products, processes & systems by designed for performance in commercial
“afterlife”.

12. Material and energy inputs should be renewable rather than depleting.

P. T. Anastas and J. B. Zimmerman, Design through the 12 principles of green engineering.
Environ Sci Technol. 2003 Mar 1,;37(5):94A-101A.
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- The chemical industry in the 21st century
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*Meeting social, environmental and economic
responsibilities

(AL g ~ B2 ERIFTARE)

*Maintaining a supply of mnovative and viable chemical
technology
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*Environmentally and socially responsible chemical
manufacturing
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*Teaching environmental awareness throughout the
education process
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S. E. Manahan, Green Chemistry and The Ten Commandments of Sustainability, ChemChar
Research, Inc. (2005)
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Green color wave Leaves

length 520-570
nanometres

St. Patrick Day Libya flag
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Continuous Reactions in Supercritical CO,
With on-line analysis

Clean technology group, H,
Nottingham Universily, UK l
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High pressure
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L - - - Product
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) J\ Pd Deloxan®
I | o HE 100 bar, scCO,
NN\ 40-170°C

The hydrogenation of isophorone yielded a
product pure enough that down stream
purification was unnecessary “

" (P.
Licence, M. Sokolova, S. K. Ross and M.
Poliakoff) Green Chem. (2003) 5, 99-104.

Clean Technology Group , Univ. of Nottingham, UK

http-//www.noftingham.ac. uk/supercritical/beta/hydrogenation. htm/
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http://www.rsc.org/publishing/journals/GC/article.asp?doi=b212220k
http://www.rsc.org/publishing/journals/GC/article.asp?doi=b212220k
http://www.rsc.org/publishing/journals/GC/article.asp?doi=b212220k

"t+4% = : 2007 Small Business Award on supercritical fluid~
"NovaSterilis Inc.
Environmentally Benign Medical Sterilization Using Supercritical
Carbon Dioxide
Innovation and Benefits: Sterilizing biological tissue for transplant
IS critical to safety and success in medical treatment. Common
existing sterilization techniques use

, Which are toxic or have safety problems. NovaSterilis
invented a technology that uses carbon dioxide and a form of
peroxide to sterilize a wide variety of delicate biological materials
such as graft tissue, vaccines, and biopolymers. Requires neither
hazardous ethylene oxide nor gamma radiation.
Old: ethylene oxide and gamma radiation
NovasSterilis Inc.: supercritical CO, technology uses low
temperature and cycles of moderate pressure along with a
peroxide (peracetic acid) and small amounts of water.
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Lecher, C. S. Synthesis of Creatine: A High School Procedure, School of Mathematics and Sciences, Marian College, 2008
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Green Chemistry Metrics % 3_%"—'-_?}“)% i 5

(%) =
Mass of Products x 100 / Mass of Non-Benign Reagents
http.//en.wikipedia.org/wiki/Green_Chemistry Meftrics

(%) =
Amount of Carbon in Product x 100 / Total Carbon Present in
Reactants
developed at GlaxoSmithKline (GSK).

Mass of product C x 100 / Mass of A

+ mass of B for a reaction of type A+ B > C

developed by GSK.
Green Chemistry Metrics, Measuring and Monitoring Sustainable Processes,
A. Lapkin and D. Constable, eds., Wiley 2008.
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