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From chemistry ...

.If a chemist would manage — in an easy manner — to
transform naphtaline into chinine, we would rightly
honour him as a benefactor of humanity. Such a
transition has not yet been achieved, but from this does
not follow that it is impossible."

PROFESSOR A.W.HOFNANN LL.D.

OF THE OVERNMENT SCHOOL OF MINES Sources: J. S. Muspratt, A. W Hofmann, ,,Uber das Toluidin, eine neue organische Basis", Ann.
ALY L s i e . Chem. Pharm. 1845, 54, 1-29; hier S. 3; wikipwdia ,,August Wilhelm von Hofmann"
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... to green chemistry

THEORY AND PRACTICE

Paul Anastas, Yale University, 1998 John Warner, Senior Vice
Professor of Epidemiology first published President at Zymergen, Global
Director of the Center for Green by Oxford U.P. Sustainability Chair at
Chemistry and Green University of Bath, UK, Co-
Engineering founder of the non-profit

organization Beyond Benign
... will receive the Hofmann commemorative medal on September 1 at the EuChemS Chemistry Congress in Lisbon, Portugal.
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12 Principles of Green Chemistry

The 12 Principles of Green Chemistry 7. Use of Renewable Feedstocks

(Anastas & Warner) 8. Reduce Derivatives

1. Prevent waste

9. Catalysis (vs. Stoichiometric)

2. Atom Econom
Li 10. Design for Degradation

3. Less Hazardous Synthesis . . )
11. Real-Time Analysis for Pollution

4. Design Benign Chemicals Prevention

5. Benign Solvents & Auxiliaries
Accident Prevention

6. Design for Energy Efficiency
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Simplified perspective

1. Prevent waste

2. Atom Economy
Safety

AN 3. Less Hazardous Synthesis

”I \‘\
/ A - - -
! % 4, Design Benign Chemicals
5. Benign Solvents & Auxiliaries
valh’
!
.’
’l

6. Design for Energy Efficiency
Green

RN
chemical : 7. Use of Renewable Feedstocks
design -
8. Reduce Derivatives
9. Catalysis (vs. Stoichiometric)

_______________ Circularity 10. Design for Degradation

Energy-and

resource efficiency
11. Real-Time Analysis for Pollution

Prevention

12. Inherently Benign Chemistry for

Accident Prevention
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Low hazard potential

VS.
SO Na* SOy Na*
Linear alkyl benzene sulfonates Branched alkyl benzene sulfonates
(biodegradable) (non-biodegradable)
2MeOH + 3 0; + CO ““'» MeOCO:Me + H:0.  VS. COCl, + CH3OH — CH30COCI + HCI

CH30COC!l 4+ CH30H — CH30CO,CH5 + HCI
Phosgene-free route to

Classical phosgene-based
methyl carbonate

route to methyl carbonate
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Waste prevention: E = m(waste) / m(product)
The chemical rucksack of a pharmaceutical (Viagra)
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91% ~al 86% k/u.,
Me
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HzN i "\N col
H,N ¢ EtOAc
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8 sildenafil
BN . citric acid
°’s~uf\ Synthese nach Pfitzer ste® lznnam
I\/N 99%
“Me
7 sildenafil citrate

Source: R. Sheldon et al., Green Chemistry, 2014, 1-3
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Renewable resources —
Methanol synthesis via syngas from biomass

Gas recycle, 3120 t/day 0.7% purge

CO2 7.9 mol%, CO 11.4%, Hy 46.6%, 21.8Ycay
Char, 3.72 t/da CHq 16.8%, N2 16.8%, 4
T Synthesis MeOH 0.4%, H20 0.1°/ol
. gas
Wood chips, Washing
167 tlda)( —»| Gasifier —»{ and »| Reactor | »| Condenser
at 10 wt.% moisture drying Syngas,
214.7 t/day r 3
Oxygen, CO2 6.9 mol%,
63 t/day g(’)";%e"' CO 23.3%,
ay Hz 67.2%,
Water, 172 t/day ——p) CHa 1.3%, Methanol, 193 t/day
g N» 1.3% 10.9 wt.% water

Wind / Marine / plant 19.1 t/day

Solar Energy, —pi
1028 MWh,/day T

Additional 39.9 > synthesis,

MWh,/day for or distillation
compression and -
gas recycling (optional)

Source: Model by D. Mignard and C Pritchard, publ. in " Chemical Engineering Research and Design (86): 473-487 (2008) .

in: Husni Firmansyah, Power and Methanol Production from Biomass Combined With Solar and Wind Energy: Analysis and
Comparison, Dissertation, KTH 2018
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Efficient processes —
Use of catalysts

4 + NaBH; +4H,0 —» 4 +HaBO;  + NaOH

81% atom economy

O OH

Pd-on-C catalyst
+ H, >

100% atom economy

Source: https://www.acs.org/content/acs/en/greenchemistry/principles/12-principles-of-green-chemistry.html
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Safety and control

«  Hierarchy of Controls

effective
Physically remove
the hazard

Replace
the hazard -

Substitution potential
of Green Chemistry

Isolate people
from the hazard

Administrative , Change the way
Controls & people work
Protect the worker with
Personal Protective Equipment

Least
effective
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Definition of green chemistry — an attempt (1)

Green Chemistry is an ecologically oriented chemistry, which follows a
holistic approach that integrates the concept of sustainability into every
aspect of chemical thinking — from the design and manufacturing of new
substances and the processing and use of chemicals down to waste
prevention and recycling.

This is the first part of a definition developed by the Austrian platform on Green Chemistry — for more details see
https://www.grinechemiedsterreich.at/
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Definition of green chemistry — an attempt (2)

Green Chemistry is not a new discipline in chemicals science, but an
approach which is committed to producing chemicals and using them in a
circular manner to the greatest extent possible, based on the principles of
protecting human health and the environment and in an energy- and
resource-efficient way. It applies this focus from the values imparted to
children and their education to research, business and industry practice.
The 12 principles of Green Chemistry drafted by John Warner and Paul
Anastas are a very useful, concrete, and ambitious roadmap for achieving
this future state.

This is the last part of a definition developed by the Austrian platform on Green Chemistry — for more details see
https://www.grinechemiedsterreich.at/
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Green Chemical Design

Safety and Low hazard
control potential

Green

chemical
design ED
prevention

o & A visualization of the potential
S, hermica ma“\,&aé key role of Green Chemistry
within the production and
ticte productio® consumption world.

https://www.grinechemiedsterreich.at/

Seconda ry feedstoc\g

Waste disposal
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Challenge of defossilisation of the chemical sector

Global Carbon Demand for Chemicals and Derived Materials
in 2020 and Scenario for 2050 (in million tonnes of embedded carbon)

= 1,000 MiC

S 1,000

8 20 % Bio-based

? 800 Q?,‘.éP

-:é; é,ﬂ.“r 25 % CO0,-based

= 600

g Bio-based 10% 450 MtC

2400 C0p-based <0.5 % |

S !

= 2001 Fossil-based 85 %

[

§ . Source: NOVA-Institute
2020 2050

The Austrian chemical industry currently uses mostly fossil raw materials (crude oil, crude
gas), amounting to, including mineral and biogenic resources in total ca. 20 Mio. tons,
which makes ca. 12 % of the total resource consumption in Austria

(Source: A u. B. Windsperger, Die chemische Industrie auf dem Weg zur Klimaneutralitat 2040, St. Péltern, 2020)
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Challenge of defossilisation: alternative carbon sources

* Waste — mechanical or chemical recycling

* Biomass — biorefinery, e.g. pyrolyses to gaseous raw materials such as syngas, or
fermentation to alcohols or other organic base materials

¢ CO, — capture and utilization (CCU) using green hydrogen

* CO, — capture and storage (directly underground or indirectly via biochar)

The current challenge for the Austrian climate policy is to establish and design a
practical roadmap for the transition of the chemical sector to these raw materials.
Green chemistry should provide the technical basis for achieving the very ambitious
goal of defosilisation in the first half of this century.
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Thank you for your attention!

Dr. Martin Wimmer
BMK
Tel: 0043-1-71100-612345

martin.wimmer@bmk.gv.at
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