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• Where dose it come from? 

Waste and the Chemical Industry 

 
Chem & Ind. 1992, Dec. 1, 904. 



Org. Process Res. Dev. 2007, 9, 1173. 



Nature vs Human 

 

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



 

Definition of Green Chemistry 

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

                                                         C&E News October 4, 2010  

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

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


Spirit of Green Chemistry 

• Prevention! 
• Reduction! 
• Smart Chemistry!! 

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

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



 



 

How to realize the goals? 



12 Principles of Green Chemistry  
1. Prevent waste  
2. Maximize atom economy  
3. Design less hazardous chemical syntheses  
4. Design safer chemicals and products  
5. Use safer solvents and reaction conditions  
6. Increase energy efficiency  
7. Use renewable feedstocks  
8. Avoid chemical derivatives  
9. 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  
 

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



12 Principles of Green Engineering 
 

1. Inherent Rather Than Circumstantial  
2. Prevention Instead of Treatment  
3. Design for Separation  
4. Maximize Efficiency  
5. Output-Pulled Versus Input-Pushed  
6. Conserve Complexity  
7. Durability Rather Than Immortality  
8. Meet Need, Minimize Excess  
9. Minimize Material Diversity  
10. Integrate Material and Energy Flows  
11. Design for Commercial “Afterlife”  
12. Renewable Rather Than Depleting  
 
Env. Sci. and Tech. 2003, 37(5), 94A.  



Metrics 
 
Atom Economy = molecular weight of desired product 

    molecular weight of all products 
X 100% 

 
E-factor =   mass of waste 

mass of product 
 
Process Mass Intensity  = mass of all materials in  

     mass of products 
 
Solvent Intensity  = mass of all solvent (- H2O) 

     mass of products 
 
Renewables Intensity  = mass of all renewables used  

     mass of products 

and more… 
c.f.  

 
yield =  

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

quantity of actual product  
quantity of predicted product 



 

 
Atom Economy = molecular weight of desired product 

     molecular weight of all products 
X 100% 



Atom Economy 

Atom economic 
reactions 

• Rearrangement 

• Addition 

• Diels-Alder 

• Other concerted 
reactions 

Atom un-economic 
reactions 

• Substitution 

• Elimination 

• Wittig  

• Grignard 

Green Chemistry: An Introductory Text, RSC, 2002. 



Pfizer solvent selection guide  

Green Chem. 2008, 10, 31. 



 
Pfizer Solvent Replacement Table 

 

Green Chem. 2008, 10, 31. 



GSK solvent selection guide 
 

 

Green Chem. 2011, 13, 854. 



 

Average solvents used            75 kg/kg API                  94 kg/kg API 
 
                                                                      Green Chem. 2011, 13, 854. 



Rowan Solvent Greenness Index 

Chem. Soc. Rev. 2012, 41, 1452 



Life Cycle Assessment 

Slide courtesy Dr. Philip Jessop 



Academic and  
Industrial Endeavors 



 

http://greenchem.uoregon.ed 



 

http://bcgc.berkeley.edu/ 

http://bcgc.berkeley.edu/
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Success 

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

Green synthesis of ibuprofen  

UK market for ibuprofen is about 
3,000,000 kg per year! 

 ●    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) 
 ●    Less waste: greater atom economy, catalytic vs. stoichiometric reagents, 
       recovery of byproducts and reagents, recycling,  and reuse, lower  
       disposal costs.                            



 

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



Stricter rules 
Consumer  
Cost down 

Courtesy Slide Prof. K.-T. Liu 
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Examples of Exciting  
New Scientific Developments 

Alternative solvents 

• Water 

• Supercritical and near-(or sub-)critical fluid systems 

• Other benign solvents (ionic liquids, gas-expansion 

    liquids, etc. ) 

• Polymeric solvents and less-volatile solvents 

• Renewables(organic carbonates, glycerol derivatives, etc.) 

• Switchable systems 

 
                                                     Alternative Solvents for Green Chemistry, RSC, 2009 



Surfactant for aqueous-organic 
reactions 

Innovation and Benefits 
Most chemical manufacturing processes rely on organic solvents, which tend 
to be volatile, toxic, and flammable. Chemical manufacturers use billions of 
pounds of organic solvents each year, much of which becomes waste. Water 
itself cannot replace organic solvents as the medium for chemical reactions 
because many chemicals do not dissolve and do not react in water. Professor 
Lipshutz has designed a safe surfactant, TPGS-750-M, that forms tiny droplets 
in water. Organic chemicals dissolve in these droplets and react efficiently, 
allowing water to replace organic solvents. 

PGCC Academic Award 2011 

J. Org. Chem. 2011, 76, 4379. 



Switchable solvent and recycling 
 

 

Chem. Sci. 2011, 2, 609 



Switchable Water: Aqueous Solutions 
of Switchable Ionic Strength 

 

ChemSusChem 2010, 3, 467. 
Green Chem. 2012, 14, 832. 



SWITCHABLE-HYDROPHILICITY 
SOLVENTS 

 

Green Chem. 2010, 12, 809 
Green Chem. 2011, 13, 619 



A real world case 

 

The use of SHS method 
avoids distillation 

Green Chem. 2010, 12, 809. 

Conventional distillation 
Method for obtaining  
Soybean oil  



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 



 

On-Line Learning 
 

– ACS course: Toxicology for Chemists 

– Free ACS webinar: Green Chemistry Series 

– ACS Summer School on Green Chemistry and 
Sustainable Energy (Lecture files available) 

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

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

Free App  
 

– Green Solvent 

 

 

Website 
 

– GreenChemWeb  (http://www.greenchem.org)   
 

 
 
 

http://igs.chem.cmu.edu/


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 
 
 
 

Journals 
 

– Green Chemistry (RSC)  
– Green Chemistry Letters and Reviews (Taylor & Francis) 
– ChemSusChem (Wiley) 
– ACS Sustainable Chemistry and Engineering (ACS) 

 
 

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


Challenges 
Alternative feedstocks 

– Move from petroleum to renewable or biologically derived 
sources 
•  Petroleum chemistry => need oxidation chemistry 
•  Sugar => need reduction chemistry 

– CO2 => need new catalysts 
 

Alternative solvents 
– No solvent (neat solution; grinding) 
– Supercritical CO2, ionic liquid… 

                

Alternative synthetic pathways 
– New catalysts 
– 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 



Education 
 

When to use what metrics 
  

Lack of toxicology training 
 

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

 

Challenges 



Green Chemistry and Sustainability  
 

Green chemistry: a tool in achieving sustainability  

–Fundamental approach to pollution prevention  

–Not a solution to all environmental problems  

–Chemistry’s unique contribution to sustainability  

 



Conclusion 
 

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

                                  
                                     says Anastas. 
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