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What is green chemistry? i+ -8 % ¢ it &7

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

cFP RPN ERAR HYUSEETHZE R A4 G T H e
- S ﬁwﬁéﬁéfﬂ*#?ﬁuﬂﬁ%‘uﬁﬁifkiwﬁ.

‘Discovery and application of new chemistry/technology leading to
prevention/reduction of environmental, health and safety impacts
at source
cFFRIRTREGFLE/BFCOHEHER - ERZ X 2HF 2 RED
C LR S -9
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




“Going forward, the chemical industry is faced with a major
conundrum—the need to be sustainable (balanced economically,
environmentally, and socially in order to not undermine the natural
systems on which it depends).”

Committee on Grand Challenges for Sustainability in the Chemical Industry
The National Academy of Sciences

December 2005

http://www.nap.edu/openbook.php?isbn=0309095719
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Anastas, P. T,; Warner J. C. Green Chemistry: Theory and Practice, Oxford University

Press: New York, 1998, p.30. By permission of Oxford University Press.
youtube: http://www.youtube.com/watch?v=q5LpATrTV-4&feature=related
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1. Prevent waste: Design chemical syntheses to prevent waste,
leaving no waste to treat or clean up.

ERRHD RPE S LR, T AR RS R




Direct purchases of U.S. chemicals and chemical products in 16
U.S. industry sectors (2002).

Industry sector U.S. billions
Health care 106.1
Consumer products 43.1
Rubber and plastic products 35.6
Furnishings, textiles, and apparel 16.4
Services and other 14.6
Agriculture 14.1
Paper and printing 10.0
Construction 10.4
Electrical and electronic equipment 5.4
Motor vehicles 4.6
Nonmetallic mineral products 3.4
Primary metals 3.3
Petroleum refining 3.0
Mining 2.3
Instruments 1.7
All other manufacturing 13.8

Total 288.0



{EE T ¥ E-[NFH (E-Factors across the chemical industry)
E = sum of raw materials, reagents, solvents, etc./sum of products

FEE0ME) |ERTE FEZEY) (W)

Kok VHH 106-108 270.1 105-107
REABE E T 104-1068 <1-5 104-5x108
a4 A2 2 102-104 5-50 5x102-10°

e 10-103 25-100 2 5x102-10°

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



E*-Factor (Environmental factor) =
(sum of waste)(severity factor)/(Wt. of product)

Hazardous Waste to Land Disposal/Containment 10
Hazardous Waste to Incineration 4
Non-Hazardous Waste to Landfill 2
Waste Water (to Treatment Plant) 0.5

E: O (ideal), 0.4 (low), 6 (moderate), 50 (large), >200 (maximum)

Roger A. Sheldon, Chem & Ind., 7-Dec-1992, pg. 903
Roger A. Sheldon, Chem. Commun., 2008, 3352-3365



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

R RF el R fed S5 R 2§ o%m § 4]
fLeniv- & 2 3.

Natular™ £ Clarke 2 @ 7748 2y ddsc By 2 B 2 £ 39 888 &) R
F B TR R f&ﬁ fei% -k e9PEG (polyethylene glycol) qfr'splnosad

RE Ao d TR S~ ITEL T L #1807 -

d 30 F4 i AERET bR AR STUAET S - B
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%4 G hE 370 Fa @ 5)2010 RALE S ERR AL AR

Clarke /5] 48uk:
GkAE S skt BEESE . ( )
Presidential Green Chemistry Challenge Award: http://www.epa.gov/gcc/pubs/pgcc/presgec.htm


http://www.clarke.com/
http://www.bioeng.ttu.edu.tw/issues/issuesindex.html

3. Design less hazardous chemical syntheses: Design syntheses
to use and generate substances with little or no toxicity to humans
and the environment.

Wit FALMent B LA R ehs 3 L7 HAHfRA NI
AR Y R £8 o Y AR Y A
A EERE S (alkyd) iR & & E AR EYI(VOCs). &
HURHZIRAR IR T 22 R0 5 4% E . N Ml (acrylics) iz & VOC/ b (H B4
Re Al A kIR R et AR 2. Sherwin-Williams 24 5141 FH 0R ZEEE
(PET), AW ke HOMBLAG /K E R B HNZR i U2 B TR RS
HE R ERE BBV OC 45 2 (2010) 4 Sherwin-Williams i A4 = K H
2t e 7 800,000M2VOCHY 4 Ak ® g S A
ANVEES K EIEE & KN .+ sl
Evay ek gt O wvag s )

H45%2%: The Sherwin Williams Co.




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.

RE*VREARAEL: R FULL At H‘“l“i’m’g'*‘r'*”*"f‘"*”l
oL 2 r}))"sv—}si’#’ig%'? # 8 v WICER SRR B LR
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1,47 —F%(1,4-Butanediol (BDO))& A I BisaT 25 AAVEY(A
pandex,—fE BL58 MERY N S 4iaE) H A 2R AT —fEEEA 2 R

R AR A S0
Actylene (nature gas) + formaldehyde - 1,4-butynediol - 1,4-butanediol
(Reppe reaction)

Genomatica/zy ={#E FBE Ry AL N T FE 28 & HE. coli.
E. coli to metabolize sugar, biomass, syngas into 1,4-butanediol.
(BR LAY 4 #EBDOELE IR R A #EBDOR] K/ 60%HYAE
/D 70% — S (LRRATRE D i '
2. FirA i 2 BDOMI A bRt E A = A E A [H].
3.Production expenses should be 15-30 %

20115 £ S R T
O s A RS e

3 i{:f %% Genomatlca/\—J Tate and Lyle facility in Décatur, lllinois.
. _ A 3,000 liter fermentation pilot plant.
‘?: 44 Commercial production of Bio-BDO

in 2012.



Fluid Catalytic Cracking (FCC) technology — a major conversion
process he pioneered to transform Canadian feedstocks into

transportation fuels by Dr. Siauw Ng ({fi4Z;5) at the National
Centre for Upgrading Technology (NCPT). |
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Zeton Inc.

740 Oval Court
Burlington, ON L7L6A9
Phone: 905-632-3123
Fax: 905-632-6128
http://www.zeton.com/




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.
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(Rl E RS & S 2

Rz g2 v £ R

*f“ﬂé%;—%*#%%@if Wi - =
Lgh fRgbd kR 0,5 2 TR EFR, FERE ASE -,

R R
Catalyst Mole % = 100 * (moles of catalyst)/(moles of limiting reagent upon which it acts)

C. M.: >0 (minimun), 1 (low), 10 (moderate), 50 (large), 100 (maximum)



6. Avoid chemical derivatives: Avoid using blocking or protecting
groups or any temporary modifications if possible. Derivatives use
additional reagents and generate waste.

ﬁﬁ,nbﬁ AP RV RELR Y RS FEEES TR YR
B&F. FTEFER L 5 ER D féi%#.

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.

%ﬁ&«m&+mﬁ»&4béé@§ﬁé%A B & ML R
WF . a3 ARRFTORIF, T T+ A0,



Atom Economy (& + 53 1)

m.w. of product x 100%) / Z (m.w. of reagent)

1,235 N E (propylene oxide)

A.E. = 58x100%/(42+56+32) = 45%

\/ + HO, > \d O
0
A.E. = 58x100%/(42+34) = 76%

Za

7 @L%Zéﬂzom Sk O LR PR B SRR RS -
GRAE R Ak B BERSBIUSY. ( )

Presidential Green Chemistry Challenge Award: http://www.epa.gov/gcc/pubs/pgcc/presgcec.html


http://www.bioeng.ttu.edu.tw/issues/issuesindex.html

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 RE 2R RPoF BEE . LR T AR AR A v e
H Aok R ERER T BT i BB

Conceptual basis for preferable solvent selection
(BEARZSE)

{EEARE 2 FoK: VBRI AN ~ RRIEZ DS ~ mE 2 %/
HHUEY) =5 & g 2 5.
BRGNS IR IR S it R E ARG 2,

Green Chemistry Metrics, p.22 (Blackwell, 2009) .
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University of California at Santa Barbara
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http://www.chem.ucsb.edu/~lipshutzgroup/bio/



Pfizer o> &

[
water
acetone
ethanol
2-propanol
1-propanol
ethyl acetate
Isoprophyl acetate
methanol

methyl ethyl ketone
1-butanol
t-butanol

%

cyclohexane
heptane

toluene
methylcyclohexane
methyl t-butyl ether
ISO-0ctane
2-methyltetrahydrofuran
tetrahydrofuran
xylenes

dimethyl sulfoxide
acetic acid

ethylene glycol

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

S N R

7 33 48 e

pentane

hexane

di-isopropyl ether
diethyl ether
dichloromethane
dichloroethane
chloroform
dimethyl formamide
N-methylpyrrolidinone
pyridine
dimethylacetamide
dioxane
dimethoxyethane
benzene
carbontetrachloride



Table 2 Solvent replacement table

Undesirable solvents Alternative
Pentane Heptane
Hexane(s) Heptane

Di-isopropyl 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

2-MeTHF or rert-butyl methyl ether
2-MeTHF 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



Pfizer Green Chemistry Results —
Some Examples

Pfizer Research Division Dichloromethane usage 2004 - 2007
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9. Increase energy efficiency: Run chemical reactions at ambient
temperature and pressure whenever possible.

HAic ek : v ¥ EFRTEFVEF .

LEE: R RHIREE SHAROEE T AT EE T RT F Bk

.

Temperature Ranges ('C) Temperature Factor (f;)
<-20 5
-20 to 0 (technical cooling) 3
0 to 10 (ice cooling) 2
10 to 20 (water cooling) 1
20 to 30 (room temperature) 0
30 to 90 (hot water heating) 1
90 to 160 (steam heating) 2
160 to 280 (hot oil or electrical heating) 3
> 280 5
L"" +|I-Pressure(atm) |:| *time (hrs) *Weight*Heat Capacity (Jem-°K)

Step EE (Energy Efficiency) =

Wt Desired Product



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.

RPIBPRURAMBANERFRIcAS: KPS L2582
P FEP URTT E R RBRETA.

Biodegradation Half-Life Ultimate Biodeg.
Hours 5.0
Hours — Days (% biodegradation > 50% in 28 days) 4.5
Days 4.0
Days - Weeks 3.5
Weeks (% biodegradation ~ 20-30% in 28 days) 3.0
Weeks - Months 2.5
Months (slow to very slow biodegradation) 2.0
Longer (biodegradation issue — toxic, persistent) 1.0

Expected range: 1 (Minimum), 2 (Low), 3.5 (Moderate), 5 (Large & Maximum)

U.S. EPA BIOWIN program Expert Survey Biodegradation model
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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.

BRI R: AL SERY 4 BT S R A
FIBMET AL,
BB RFERAKAIBVEL LTS FHEL 2P

Questions

1. Does the potential exist in this process for the formation of hazardous
side-products? (0 to 30 pts)

2. Are adequate monitoring and control apparatus in place to quickly
detect excursions in reactors and storage vessels? (0 to 50 pts)

3. Is the process common practice and/or in the scale-up or
commercialization stages of production? (0 to 20 pts)



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.
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Designing and operating safe chemical reaction processes




Conclusion

“It's more effective, it's more efficient, it's more elegant, it's
simply better chemistry,” says Anastas.

Redesigning chemical processes from the ground up to make
iIndustrial chemistry safer, cleaner and more energy efficient
throughout the product’s life cycle, from synthesis to

clean-up to disposal.

Using renewable feedstocks wherever possible,

Carrying out reactions at ambient temperature and pressure,
Minimizing or eliminating toxic waste from the outset, instead of
constantly paying to clean up messes after the fact.
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Anastas, P.T., and Zimmerman, J.B., "Design through the Twelve Principles of Green Engineering", Env. Sci.
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Choosing the Greenest Synthesis!
Green Solvents

Dr. Philip Jessop, Queen’s University, Canada

http://www. 1inkedin. com/pub/philip-jessop/15/8A1/903
http://www. queensu. ca/news/articles/profs-chemistry-discovery-may-revolutionize-cooking-oil-

production
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