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Option 1 : extremist ideas Option 2 : re-think and re-invent chemistry
Get rid off chemistry ! Go for a better society

Progress Profit

Performances Society Environment
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R. A. Sheldon, C. R. Acad. Sci. llc, 2000, 541

B. M. Trost, Science, 1991, 254, 1471 The 12 principles on Green Chemistry
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P. T. Anastas, J. C. Warner, Green Chemistry: Theory and Practice, Oxford
University Press, New York, 1998




ICZMP

Institut de Chimie des Milieux et Matériaux de Poitiers

P. Anastas

/- 12 Principles of Green Chemistry \
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Prevent Waste

Atom Economy

Less Hazardous Chemical Syntheses
Designing Safer Chemicals

Safer Solvents and Auxiliaries
Design for Energy Efficiency

Use of Renewable Feedstocks
Reduce Derivatives

. Catalysis

10. Design for Degradation

.
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11, Real-time Analysis for Pollution Prevention
12, Inherently Safer Chemistry for Accident W

J. Zimmerman

. Inherent Rather Than Circumstantial

. Maximize Efficiency

. Output-Pulled Versus Input-Pushed
. Conserve Complexity

. Durability Rather Than Immortality
. Meet Need, Minimize Excess

9. Minimize Material Diversity

10. Integrate Material and Energy Flows
11. Design for Commercial "Afterlife”
12. Renewable Rather Than Depleting

. Prevention instead of Treatment D 3™
. Design for Separation g ®

12 Principles of Green Engineering \
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o

o

P. T. Anastas and J. B. Zimmerman, Environ. Sci. Technol., 2003, 37, 94A
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P. Anastas
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Designing Safer Chemicals

Safer Solvents and Auxiliaries
Design for Energy Efficiency
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Reduce Derivatives
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10. Design for Degradation

.

PENOVEWN -

11, Real-time Analysis for Pollution Prevention
12, Inherently Safer Chemistry for Accident W

J. Zimmerman

. Inherent Rather Than Circumstantial

. Maximize Efficiency

. Output-Pulled Versus Input-Pushed
. Conserve Complexity

. Durability Rather Than Immortality
. Meet Need, Minimize Excess

9. Minimize Material Diversity

10. Integrate Material and Energy Flows
11. Design for Commercial "Afterlife”
12. Renewable Rather Than Depleting

. Prevention instead of Treatment -
. Design for Separation Q ®

12 Principles of Green Engineering \
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P. T. Anastas and J. B. Zimmerman, Environ. Sci. Technol., 2003, 37, 94A
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White chemistry (biotechnology)

Blue chemistry (ocean)



Aot

. { 1 b1 kg
ICZMP Sustainable chemistry Umg?!ﬁsité @

dePoitiers

Institut de Chimie des Milieux et Matériaux de Poitiers

Sustainable chemistry has the planet as system of interest

Sustainable chemistry considers the whole value chain of a chemical

> Supply of raw materials

» The manufacturing process (12 principle of green chemistry)
» The environmental and societal impact

» The end of life
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Novel technologies

CO, capture and/or conversion \

{ Chemical industry

Renewable carbon

\ (biomass, waste) j

Electrification

CIRCULAR
ECONOMY

Reuse/recycle/reduce
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75 % of sugars Gl
HO OH
‘ Cellulose
Potential stock of biomass OH OH oH
(excluding food) = 6-18 Gt/year HO o o | o 0
Ho on | 1O L Ho OH
. . . . H
Estimation of biobased chemicals : ~ 400-550Mt/year by 2080 n oH
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From the sugar platform to biofuels and biochemicals/Final report of the EU commission directorate, April 2015
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12
g & Lo ADA & AcOH acetic acid
510 ocane 5 ADA  adipic acid
< : BuOH n-butanol
g 8 E EtOH  ethanol
= ! Ella  ethyl lactate
s © ' PDO  1,3-propanediol
S PHA  polyhydroxyalkanoate
A 4 PLA polylactide
k) PIT  polytrimethyleneterephthalate
é . SA succinic acid
v
© 0
S
-2

GHG emissions fromfossil (tCO,/t prod)

Biobased # Sustainable !!

> Quality of air and water

Biobased products are generally > Water and land usage

produced with lower CO, emission » > Biodiversity Life Cycle
> Deforestation Assessment

> Soil depletion
» Agricultural practice
> Etc...

J. P. Lange, Energy Environ. Sci., 2021, 14, 4358—-4376
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Table 1] Suggested metrics for novel catalytic processes to manufacture fuels and
commodity chemicals*?%#2

Criteria Minimum requirement Ideal value Comments
L = - s Waste production® <5 <1 Defined as by-products,
Research pilot  (f,.c.pert, o) fuel and inorganic
chemicals
C footprint® (tco, per tywa) <6 <4 Defined from well-to-gate,

including feed and utility
_ BDOviasuce  Galactivity Stoichiometry > target Experimental Target selectivity defined lirements

~ taroat in fantnatab

How can we convert (selectively) concentrated

o feeds of bio-based chemicals ? 3h
Pro Lol s L e AL Sy v - Ll TN I.ll'r et
o dilution and conversion 100t /K
|
Intracellular I S-HMF per pass prod gcat
Chernical Adipicacid Catalyst consumption <1 <01 Determined by catalyst 15 wt% (except for
- (kg pert, ) lifetime and intrinsic n S)
activity
Distillation resistance (°C") <15 <10 Defined in footnoter Ed. 2015, 54,13186-13197

1 2016, 6, 4759-4767

*These targets have been defined for commodity chemicals; they should be tightened for fuel. "Target Selectivity (t_, per t;.;) > (feed
price + CC) (US§ per te.) /product price (US$ per t,.4). CC, conversion cost. “Distillation resistance @ (°C7) =100 x ¥ (f/AT,), where
f, is the weight fraction in the stream (wtAwt) and i represents the various components present in the stream; T, is the temperature in °C.
Prod, product; react, reactor; cat, catalyst.

From the sugar platform to biofuels and biochemicals/Final report of the EU commission directorate, April 2015



Aot

ICZM Oxidation vs reduction ijgﬁité @

nstitut de Chimie des Milieux et Matériaux de Poitiers

$6.000 lolecular
< ymplexity
o [ L
$5.000
@ ® G
© i ® EDO
§ 84000 om @A E
% 5 L . 26 Yo . ALA 8
- 8 $3000 e Mse ® Adip A @® Sorbito c
m 8 ° ' ME 2
g ) .00 C1240H ©® MB ( 3
- — E ' ~ @ O L AR o m
E 2 0 & cann —
e , X
© @ ® CH( o
o gl
0 0.2 04 0.6 08 1 8
(O+NY C atomic ratio
) Molecular

« simplicity »

Process cost



ICZMP

Institut de Chimie des Milieux et Matériaux

de Poitiers

EU bio-based market (2019)

Product EU Biobased Total EU EU bio-based

category production production production
(CE)) (kt/a) share (%)

Platform 181 60,791 0.3

chemicals

Solvents 75 5,000 1.5

Polymers for 268 60,000 0.4

plastics

Paints, coatings, 1,002 10,340 12.5

inks and dyes (@

Surfactants 1,500 3,000 50.0

Cosmetics and 558 1,263 44.0

personal care

products (@

Adhesives @) 237 2,680 9.0

Lubricants @ 237 6,764 3.5

Plasticisers (2 67 1,300 9.0

Man-made fibers 600 4,500 13.0

Total 4,725 155,639 3.0

Aot

Université
dePoitiers

@

(@) No total EU production data were found; it has been assumed that total EU |
and biobased) equals the total EU market (fossil- and bio-based consumption).

European Chemical Industry Council, March 31st, 2021
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Better understanding of
biomass

—— libre de —s=mma
cellulose 7% macrofibntle
,

microlibnile

) b e :
chaines de glucoses @ " VD.@ @
Loa.oma—
oo

Better understanding of
biological systems

New technologies

New tools (Al, machine
learning, etc...)

Source: Stratégie d’accélération « Produits biosourcés et biotechnologies industrielles, carburants durables »
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NATURE
Physical activation

HUMANS
Chemical activation

|
(Energy

Fossil-based
(oil, coal, gas)

with catalyst
reactants

energy

products

Axajdwod tenosjopy

progress of reaction
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2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018
Year

Microwaves Ultrasound Plasma Electro- Magnetic Pressure Photo- Mechano-
chemistry field chemistry chemisry
em(Coal e=Gas - combined cycle Solar e=\\Nind
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http://peswiki.com/index.php/Image:Kanarev_water_cell_hj85.jpg
http://www.google.fr/url?url=http://www.berktree.com/retsch-planetary-ball-mills-pm-100-mill-120v-50-60hz-model-205400003-each.html&rct=j&frm=1&q=&esrc=s&sa=U&ved=0ahUKEwiUxvHt_o3NAhWB1RoKHe7FBL44FBDBbggWMAA&usg=AFQjCNGKPHuzHSw5kfnXxLFkzyFtA9AX9A
https://www.lazard.com/perspective/levelized-cost-of-energy-2017/
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Reactlon with water contained in MCC

Water-rich _|

phase OH OH
HO O
HO %o &0&
i OH HO =0

Water-poor _|
phase Release of H
OH

(1,6-linkages)

Depolymerization (propagation reaction)

,0 in NTAP gas phase

~ OH
o
HO OH

OH H main branching point

. HO O 0
HO o o)
HO HO \Q
OH OH
X
OH o
n =DP of MCC 0
HO o (0}
HO

HO
OH i OH
minor branching points
(1,2 or 1,3-linkages)

1 ramification each 6 glucosyl unit

M. Benoit et al., Angew. Chem. Int. Ed., 2011, 50(38), 8964

OH OH
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H \
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Cellulose
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depolymerization
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g L'INNOVATION VERTE

SOLVAY

glycosylatlon HO O INSTITUT TECHNOLOGIQUE
-
HO
n-dodecanol
OH ™0™ ™y ™

150°C
AAG  T70% yield

AQUIVION PFSA

recycling

» Reduction of CO, by a factor 7

» 45 % reduction in waste water




Aot

) _ vy
ICLMP Ultrasound: when chemistry bubbles O it @

dePoitiers

. »
/\ e Micro-streaming  [RLLEESLL :..\ oS
Infrasound

Stable cavitation bubbles

E E 102 T T T T T T T T T 12
. | ™ R
’ )i i ’ ) Pressure

IS I (S XSS ]

: : g 1 1

Absorption . Desorption | Absorption 8 5

of gas . ofgas | of gas i
\ 1 L ;

Y Y Y

Rarefaction Compression  Rarefaction Time [us]
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Transcient cavitation bubbles

) T — Tﬂ‘Pa(T _1}
< - R
(3]
5 [riv-1]
& 20001 p —plBU-D
Desorptlon Desorptlon 1 Desorptlon 1 2 = 7 P
of gas of gas of gas 5 1000
Absorption Absorption Absorption Absorption Ty: temperature of the liquid
of gas of gas of gas of gas P,: Acoustic power
0 , , v: Specific heat
' 3.3 3.32 3.34 P,: Vapor pressure
c R c R c R Time (us)
B. D. Storey, A, J. Szeri, Proc. R. Soc. Lond. A, 2001, 457, 1685—-1700
C = Compression; R = Rarefactior

Vapour bubble collapse
(implosion)

Sowrce: BRNO University of Technology 05/27/21

0. Supponen et al. Journal of Physics: Conference Series, 2015, 656, 012038
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Hydrothermal reaction

R-X + H,O — RH + X-OH

Radical reaction

R-H + *OH— *R + H-OH

« Plasma-like » reaction

R-H + e — R-H*+ 2e-

Sonoluminescence 1,20E-03 Titration
~ 1,00E-03 -
E
. < 8,00E-04

Hydrothermal reaction 5 - -
= | |
£ 6,00E-04 .
§ (]

« Plasma-like » reaction 8 4,00E-04 . Radical reaction
Q [
I |

0,00E+00 =
H, Xu, N, G. Glumac, K, S. Suslick, Angew. Chem. Int. Ed. 2010, 49, 1079 —1082 0 50 100 150 200
Time (min)
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Reactions induced by high frequency ultrasound
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Depolymerization reactions

= =

INRAS

H,O (vap)

Oxidation reactions

s

HANYANG
TECHNOLOGICAL
UNIVERSITY
SINGAPORE

OH He ++OH OH oH 545 kHz OH OH O
R R H O, 25°C \)\/:\)J\
HOM N ‘ 1’4 HOH/O%A HO O e, o < " “OH
OH "OH OH "OH HO OH éH éH
'\*/' OH
OH ' OH H
BT o T o
© OH © "o oH ©OH
OH OH
Scientific Report., 2017, 7, 40650
Chem. Sci., 2020,11, 2664-2669
Polymerization reactions , H
“CSIC NH e
No ¢ atalyst et S PR ot b ATIGAC I A oA \ _ R + 2
No protection
40°C

OH
H&gﬁ\/ OH
OH
) o+

Alkyl-OH

Ultrasonic irradiation at high frequency
ChemSusChem., 2018, 11 (16), 2673-2676

| Cavitation
Ultrasound >> & bubble

/ ZOR
HN=NH
No catalyst, no hydrogen

Angew Chem Int Ed. 2021, 60, (48), 25230-25234
Angew Chem Int Ed. 2022, accepted manuscript
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« Homogeneous cavitation » « Heterogeneous cavitation »

Multicavity Particles
(Nano-structured)
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HANYANG
TECHNOLOGICAL
UNIVERSITY
SINGAPORE

Gas Cavity

Air, O,, Ar, Xe, etc. /

1.0 H

Cavitation Probability
[— <>
= %

1 1

=
'S
1

0.2

x10,000

CuO Dense sphere CuO Multicavities 00

—e— Neat water
—a— CuO-MC
—— CuO-DS

B e I N S0 — 00— 00— — 00— — St O — O — ===

1.0 1.5 2.0 2.5 3.0 35 4.0 4.5
Peak negative pressure (MPa)
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activation/conversion of

| Open innovation to revisit the
biobased feedstocks TAKEN HOME MESSAGES

A biobased product does not mean a sustainable product

Don’t compete with fossil-based feedstocks : improve performances

biodegradability

\ ¢

Product intended to be dispersed in
nature

recyclability

¥

Product not intended to be dispersed in
nature




INCREASE ISGC - THE INTERNATIONAL SYMPOSIUM ON GREEN CHEMISTRY

‘ May 127-16%, 2025
L\ La Rochelle - FRANCE

A high-level scientific congress A green chemistry challenge
: a
Topics
- 3,500 SQM FOR EXHIBITION AREA :
w Renewable carbon A\Ij Networking and education Q

> 130 companies, academic institutions and leading research
laboratories expected.
> 1-to-1 meetings between the 1000 expected participants

:E Smart use of fossil Catalytic systems

= 3%

Alternative solvents

/
yd_%_ Polymers

a3

Environmental impact and ~~ Biotechnologies

Life cycle assessment

Non-thermal activation
methods

o—
g

nﬂ”l‘l Mechanism

The largest concentration of green chemistry researchers &
chemical companies available in one place during 4 days !

400 speakers 1000 attendees expected
from academic and industry




