GREEN CHEMISTRY
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What does the Chemical Industry do for us?



The Chemical Industry

In the UK

£63 (ca. €100) billion
turnover industry

Directly employs 480,000
people

3409 students accepted
places on chemistry degree
courses in 2000, down 11%
from 1999

In Europe

e Output, demand and exports

all greater than USA or
Japan / Far East

* EXxports approximately 2

times imports, but gap
expected to be reduced

 Chemicals demand growing

at ~2% p.a. 3 5% in Far
East, China and India)
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What is Green Chemistry?

It IS better to prevent waste
than to clear it up afterwards

% Atom economy Is the
new % yield
The strive towards the
perfect synthesis

Benign by design

Environmentally friendly
and economically sound?!?



The Twelve
Principles of
Green
Chemistry



The Twelve Principles of Green Chemistry

It is better to prevent waste than to treat or
clean up waste after it is formed.

Synthetic methods should be designed to
maximise the incorporation of all materials
used in the process into the final product

Wherever practicable, synthetic
methodologies should be designed to use
and generate substances that possess little
or no toxicity to human health and the
environment

Chemical products should be designed to
preserve the efficacy of function whilst
reducing toxicity

The use of auxiliary substances (e.g.
solvents) should be made unnecessary
wherever possible and innocuous where
used

Energy requirements should be recognised
for their environmental and economic
impacts and should be minimised.
Synthetic methods should be carried out at
ambient temperature and pressure

A raw material of feedstock should be
renewable rather than depleting wherever
technically and economically possible

Unnecessary derivatisation (e.g. protecting
groups) should be avoided wherever
possible

Catalytic reagents (as selective as
possible) are superior to stoichiometric
reagents

Chemical products should be designed so
that at the end of their function they do not
persist in the environment and breakdown
into innocuous degradation products

Analytical methodologies need to be
further developed to allow for real-time in-
process monitoring and control prior to the
formation of hazardous substances

Substances and the form of substances
used in a chemical process should be
chosen so as to minimise the potential for
chemical accidents, including releases,
explosions and fires



“It is better to prevent waste than to treat or clean
up waste after it is formed”

Chemical %
Process

NO waste



“The use of auxiliary substances (e.g. solvents,
separation agents, etc.) should be made unnecessary
wherever possible, and innocuous when used”

A solventless reaction:

Grind
Solid A + Solid B » Solid C (quantitative yield)

NH, CHO = R
R
+ — RON=E R" 4+ H,0
R
R R"




“Energy requirements should be recognised for their
environmental impacts and should be minimised.
Synthetic methods should be conducted at ambient
pressure and temperature”

Heating

gtci)?rlilr?g Energy requirement  Global
Distillation ‘ (electricity) warming
Compression

Pumping

Separation

Burn fossil CO,to
fuel atmosphere




“*A raw material of feedstock should be renewable
rather than depleting wherever technically and
economically practical”

Feedstock

Non-renewable
e.g. Fossil fuel based

Renewable e.q.
Plant based



A Series of Reductions

Cost/\Materials

Risk &
Hazard

Reducing

Waste

Energy

Non-

renewables



How Efficient is Chemical Manufacturing?

E-factors
Industry Product tonnage Kg by-products /
Kg product
Oil refining 106 - 108 <0.1
Bulk Chemicals 104 - 10° 1-5
Fine chemicals 102 - 104 5 - 50+

Pharmaceuticals 10 - 103 25 - 100+
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Industrial Ecology Goals for Green Chemistry

 Adopt a life-cycle perspective regarding chemical
products and processes

 Realise that the activities of your suppliers and
customers determine, in part, the greenness of your
product

e For non-dissipative products, consider recyclability

« For dissipative products (e.g. pharmaceuticals, crop-
protection chemicals) consider the environmental
Impact of product delivery

 Perform green process design as well as green
product design



Life Cycle Assessment for Chemical

Products
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Some Newer Clean Technologies

Product Design
and Life Cycle
Assessment

Renewable
Feedstocks

Alternative
Solvents

Process
Intensification

Innovative
Engineering

Solventless
Reactions




1,000's of tonnes

UK Consumer Plastic Recycling
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Plastics are building up in landfill

Increase plastic recycling
and/or

Use biodegradable plastics
and/or

Use less plastics



Microbial Conversion

Dear God:

| pray on bended knee’s,

That all my syntheses,

Will never be inferior,

To those conducted by bacteria

Organic Chemists Prayer (unknown origin)



Commodity chemicals from ethanol

CH,CH,OH

CH,=CH,
v

Ethyl benzene

Ethyl bromide

Ethyl chloride
Ethylene chlorohydrin
Ethylene diamine
Ethylene dibromide
Ethylene dichloride
Ethylene glycol
Ethyleneimine
Ethylene oxide
Diethyl ketone
Diethylene glycol
Glycol ethers, esters
MEA, DEA, TEA
Vinyl acetate
Polymers, copolymers

> CH,CHO

'

Acetic acid
Acetic anhydride
Aldol products
Butyl acetate
Butyl alcohol
Butyraldehyde
Chloral
Ethyleneimine
Pyridines

> CH,CO,H

,

Acetamide
Acetanilide

Acetyl chloride
Acetic anhydride
Dimethyl acetamide
Cellulose acetates
Esters



Commodity chemicals from ethanol

Some organic commodity chemicals from fermentation ethanol in Brazil

% &




Polylactic acid (PLA) for plastics production

Polymer Grades
Fiber

Film Lactide
Thermoforming
<+

\
Bottle

Woven Polymer
Modification PLA <
Non-woven

Etc.

\



Polyhydroxyalkanoates (PHA’S)

> >

Sugar solution

Sunlight Crop 1
H3C,,, H 7
<N,

Plastic product PHA

Fermentation

1 - Biodegradation to CO, and H,O



CNSL

CNSL is obtained during the
roasting process of cashew nuts. It
IS a rich source of the phenolic
compound, cardinol.

Cardinol consists of saturated and
(mainly) unsaturated C-15 meta-
alkyl phenols.

CNSL-formaldehyde resins have
long been used in car break linings
due to:

— very good friction properties

— good thermal resistance (less noise)
Also CNSL polymers are used in

surface coatings for varnishes and
waterproof roof coatings.

OH
+ CH,0
R
H+
\
HO etc
OH
H2
etc C R
R etc
CH,
OH
etc etc
R

Cardinol R= (CH,),(CHCH),(CH,),CH,
plus saturated, mono, and tri-unsaturated
C-15 alkyl



Draths-Frost Biotechnological Synthesis

Ni-Al O Co O,
370 800 pSI 120 140 psi

benzene cyclohexane cyclohexanone cyclohexanol CO.H

AN
HO,C ?
adipic acid
CO,H /Pt, H,
E. coli E. coli CO.H 50 psi
—_— —_— — 2
HOZC/_\Z/
z @) H OH
OH OH OH
D-glucose 3-dehydroshikimate cis,cis-muconic acid

Typical feed solution:

In 1 litre of water 6 g Na,HPO, 0.12 g MgSO, Yield = 20.4 mmol

10 g bacto tryptone 3 g KH,PO, 1 mg thiamine % Yield = 33 %

5 g bacto yeast 1 g NH,CI

10.5 g NaCl 10 g glucose (62 mmol)







Some Barriers to Adopting Greener
Technology

- Lack of global harmonisation on regulation / environmental policy

- Notification processes hinder new product & process development

- Lack of widely accepted measures of product or process “greenness”

- Lack of technically acceptable @reenGsubstitute products and processes
- Short term view by industry and investors

- Lack of sophisticated accounting practices focussed on individual
processes

- Difficult to obtain R&D funding
- Difficult to obtain information on best practice

- Lack of clean, sustainable chemistry examples & topics taught in schools
& universities

- Lack of communication / understanding between chemists & engineers

- Culture geared to looking at chemistry not the overall process / life cycle
of materials



The Chemical Industry in the 21st Century

Meeting social, environmental and economic
responsibilities

 Maintaining a supply of innovative and viable
chemical technology

 Environmentally and socially responsible chemical
manufacturing

« Teaching environmental awareness throughout the
education process
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Text book

GCSE text book Due 2003

Green Chemistry Group
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