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| &E’ g Outlines

1- Why ?

2- How ?

3- Bio-based plastics from natural polymers

4- Drop-ins: Bio-based alternative to fossil-based polymers
5- Smart drop-ins: Bio-based derivative of “fossil” polymers
6- New polymers from biomass

7- Conclusions and perspectives
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-FO Petroleum: The Source of Chemicals
d me ganiques

Petroleum is the starting materials of 99% « commodity » chemicals

* 33% polymers (PE, PVC, PET, PMMA, PS, nylon ...)
* 30% organic molecules (acetone, toluene, petroleum ether...) Petroleum = C
*  20% others (surfactants, pigment, carbon black, ...)
* 12% Inorganic component (soda, acids, Cl,, ...)

* 6% Fertilizers (NH,) Petroleum =J
Global primary energy consumption

Global primary energy consumption, measured in terawatt-hours (TWh) per year. Here 'other renewables’ are
renewable technologies not including solar, wind, hydropower and traditional biofuels.

Other products

| Other

. renewables
Lubricants 1% 140,000 TWh -
— Wind
Heavy fuel oil 4% Nuclear
— Hydropower
Asphalt 3“/ 120,000 TWh Natural gas
(4]
100,000 TWh
Gasoline
80,000 TWh —— Crude oil
60,000 TWh
Diesel and
other fuel 40,000 TWh
Coal
20,000 TWh
Jet fuel
Traditional
0 TWh biofuels
1800 1850 1900 1950 2000 2017

Source: Vaclav Smil (2017) and BP Statistical Review of World Energy CCBY
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Synthetic polymers are based on petroleum

Platform molecules

Synthetic polymers

@@= \
20th century: o =
A petroleum area 0 NN o
NN
Gases \\
o= =00 S,
_ ~350 million tons
‘"—"_“—”‘LJ: G:z:"l“: Cracking (annual global production)
K
i sc.. Steel 1800 Mt (230 Mm?)
Crude 0Oil MHA: :Eel ol
b PEAKOIL
Lubricating oil | - Pll‘:)(zi(:;:m
>Cy6.20 ‘
Oil depletion
Residue (asphalt) Escalating prices of oil resources
>Cy
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From crude oil to platform molecules

Crude oil
Gas Naphtha Kérosine Gas oil Othelr fractions
| |
@ J | | |
| | | [@) ® ® ® (6]
Methane Ethane Propane Butane Ethene Branched alkanes Aviation Fuel for Ethene Longer chain
'@ @ Propene Cyclohexane fuel diesel Propene glkages
‘ ® @ Butenes ‘Aromatic engines Butenes (( 4 ﬁhlrloi
-1 3-di hydrocarbons naphtha
Ethene Propene Ethene Buta 1,3.d:ene 4 Branched alkanes
Propene *Aromatic Cycloalkanes
hydrocarbons "‘Aromatic
hydrocarbons
Methylpropane Y
(@ Distillation

@ Steam cracking

(® Catalytic cracking ('hydrocracking’)
@ Isomerisation

® Reforming (‘platforming’)

® Sulfur is removed
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benzene
methylbenzene

dimethylbenzenes
ethylbenzene
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refinery
Oil
H, C1 C2 C3 C4 C5
ex e methane e ethylene * propene * butane
e ethanol ¢ propanediol ¢ butanediol
cuts
Naphta . e
Ht O
,—//\ —_—
H,0O
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Asphalt
hydrocarbons
petrol
Cé6 diesel
Aromatics
* hexane
* benzene Alcanes
/\ gas phase
\ EE—
oxidation
/\ —_—

ammoxidation

Oil refinery — example of the C3 platform

Complex
#products

/\COOH

acrylic acid

)

CN

acrylonitrile

/\CONH2

acrylamide
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(o) I CHs
O, O1-O15 o)
OR H CH,
OR' . Kevlar™ &
Synthetic dyes Polycarbonate
O
Phthalate plasticizers
®

. r e
N > |
H H BTX | = | S i ?..

< g oH Z Non N N Som X

o} H |

H H S \[\m w/\/ e
N S
Nylon-6 and Nylon-66 CH3(CH,), CHICH ), CHa [\/]\o" NS LA,
~ N o
HO_ _O
o o) . Phenolic resins
-{—g—lr O T—g—o—cn,—cn,—o—} ) )
n 2, P
3 H L CHy~CH-CH, O-CH,~CH-CH, i--i‘Hz-tt‘H--‘.'Hg
el oy \ =
SO-" Nat \,i CHy+ l‘\ H—CHy1 - ‘-., J =
Polyurethanes 3: A Aspirin [Lt;/ WS, . Epoxies
Surfactants
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Oil refinery — example of the BTX platform
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el World crude oil price vs. oil consumption

d me ganiques

2011: US fracking output begins

$120 increasing by 1Mb/d per year

$110

o . i 2013
1980: Iran-Iraq war 2008: Financial crisis

1979: Iranian Revolution
$100

$90

$80

$70

$60

1974

$50

1975 2015
1990: Iraq invades Kuwait

$40

Crude oil price (2015 USS per barrel)

1992 1996

$30 2001:9/11 attack in USA

1999

$20

1973: Arab oil embargo 1998: Asian financial crisis

10| 1965 1966 1967 -
$ 1968 1969 070

S0

30M 35M 40M 45M 50M 55M 60M 65M 70M 75M 80M 85M 90M 95M 100M >

Oil consumption (barrels per day)

Data source: BP Statistical Review of World Energy 2016
The data visualization is available at OurWorldinData.org. There you find research and more visualizations on this topic. Licensed under CC-BY-SA by the authors Hannah Ritchie and Max Roser.
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Peak oil ?

2
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Worldwide oil reserves

Possible increase of reserves
as mare resources are discovered

Recoverable

Feasibility of economic recovery —

: Possible inérease of reserves }
i as more resources bacome recoverable !
= ; ‘ ‘
=
=
3
: Resources
o
£
[=]
=
Q
o
w
)
=
w
0 5 billion 15 billion 25 billion 10 billion >30 billion Proved Probable Possible Undiscovered
Nodata | 2.5 bilion 10 billion 20 billion 50 billion 20 billion
' - ' ' < Degree of certainty in resource

8,000 TWh United States

Oil production

7,000 TWh Saudi Arabia

2011: US fracking output begins

$120 increasing by 1Mbsd per year k . |
o 1980: Iran-lraq war 2008 Finafictel crisls . 6,000 TWh 0 S p e a O
1979 Iranian Revolution
$100 \
590

2 5,000 TWh

o 580

£ o 4,000 TWh )

E ' Shale oil
z e " 1990: Iraq invades Kuvait i 3,000 TWh

A

2,000 TWh
Brazil

1988: Asian financial crisis
sqg| e

Norwa
% 1,000 TWh y
30M 35m A0 45M SO 55M S0M G5M oM 75M H0M 85M S0M 95M 100M
Gill consumption {barrels per day)
Data source; BF Statistical Neviev: of World Frengy 518
The duta visualizetion s available at OurtorldinData.org, There you find reseanch and more visualizatiens on this wopic. Licensed under CC BY 54 by the avthers Hannah Ritchie and Max Roser,
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W Fossil fuel reserves

Years of fossil fuel reserves left | _
Motor Gasoline
I
) Aviation Gasoline
oil 50,7 I
Shale Oil
kg CO,/kg
I Diesel Oil
Natural Gas
| sub-bituminous Coal
| Lignite
Coal
Oil Shale & Tar Sands
3852
0 20 40 60 80 100 120| Charcoal Y EWVE
0 100 200 300 400
[ | [ | [ | [ | [ | | ] [ | [ | [ | [ | [ | [ | [ | [ | [ | [ | [ | [ | [ | [ | [ | |
Global Fossil Fuel Reserves
Only % can Unbernable Reseves 471 Gt CO,
be burned

Carbon Budget for 2C 275

0 100 200 300 400 500 600 700800 11
D — = universite T EES
/® “BORDEAUX AN




ymer

d &C CO, cycle

Atmosphere Atmospheric
(800) Carbon Net

Annual Increase GtCly: Gigatons

_— _ 9

U AL "\_
Pz ”
Tl Fossil fuels,

espiidtion |

U+3
P . [ - 0 ’ 4 ¢ of carbon/year
Photosynthesi® * | . |

cement, and

A
land:use <)) +2
h 5
% : W - . ? 35 AIIESeagas
#, ”"_’M n’»“‘ e it £ . Surface ocean
Net terrestrial . R .~ T e (1000)
uptake APy ‘ —
3 Microbial s Phytoplankton Res;;::ltlon
respiration an hotosynthesis o
Soil carbon decomposition p / S PN
Soil
(2300) Net ocean
uptake
p

Deep ocean
(37,000)
Fossil pool . .
( | (10,000) Reactive sediments
B (6000)



d N CO, concentration keep increasing

aniques

i Global Average
T~y —— Temperature 400 -
$ e GO, Today/ £
>
= 5t 350 £
- S
e ‘ 1300 ®
g ¥ A \ |5
£ \ : | O
w" ‘(t‘ WY’\ Wy [0
a -5 ’ ! 0 .
£ (i V \ N | {200
i O
'._

-10 — o —1150

Thousands of years ago

May 2019: 415ppm
== Last time the CO, was that high the Human didn’t exist Since Sept 2016 > 400ppm

4 ppm/year more CO, in the atmosphere
ppm/y 2 P 1987 : 350ppm

Reduce CO, emissions and trap it sustainably.
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w Carbon neutral society

Fossil fuels

Gasification

George A. Olah
1927-2017
Nobel Prize 1994
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CO, emissions from cradle to factory gate

Epoxy A- PA-6,6
Thermoset
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Life cycle analysis

d

Climate change kg CO, eq.
Ozone depletion kg CFC-11 eq.
Human toxicity, cancer effects CTUh

Human toxicity, non-cancer effects CTUh

Respiratory inorganics kg PM2.5 eq.
Respiratory organics kg NMVOC eq
lonizing radiation kBg U235 eq.
Terrestrial acidification mol H* eq
Eutrophication terrestrial mol N eq
Eutrophication freshwater mol P eq
Eutrophication marine mol N eq
Ecotoxicity freshwater CTUe
Non-rewenable energy M)
N Depletion of abiotic ressources kg Sb eq.
Kj ’ - . Water L
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Have A Nice Day

Simple LDPE

labelpresse

e

bibpolyrhéf

- ®

LCA: Example of the grocery bags
a)

Recycled PET

a)

Woven PP

o~ & O\ \ '
&/
polyester
paper cotton composite
17
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ip o LCA: Example of the grocery bags

meéres Organiques

Impact category / bag LDPE - Bioplastique m

Climate change 1.1101 7.7101! 9.010%? kg CO, eq.
Ozone depletion 1.210° 6.410% 15108 1.0 10> kg CFC-11eq.
Human tox., cancer effects 1.310° 7.010° 2.310° 1.7 107 CTUh
Human tox., non-cancer effects -1.110% -1.610% 3.1103 5.6 107 CTUh
Respiratory inorganics 1.610> 2.710° 1.210% 3.8103 kgPM2.5eq.
Respiratory organics 2.010% 9.610% 3.410*% 8.7 103 kg NMVOC eq
lonizing radiation 6.010% 1.410% 3.810°3 1.310' kBq U235 eq.
Terrestrial acidification 1.1104 11103 7.410% 2.010% molH"eq
Eutrophication terrestrial 8710° 1910% 1.410°3 4.9102 molNeq
Eutrophication freshwater -5.6107 3.810° 1.610” 4.810*% molPeq
Eutrophication marine 2.310° 2.210% 2.410*% 3.4103 molNeq
Ecotoxicity freshwater 7.210% 5110' 1.310% 12 CTUe
Non-rewenable energy 1.7 12 2.9 72 MJ
Depletion of ressources 1.910% 2.110° 5.110° 1.6 10* kgSbeq.
Water 44102 14 2.4 101 27 L
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d fPQ LCA: Example of the grocery bags

meéres Organiques

Production of Carrier bag A Reuse X times :
carrier bag A (Primary use) (Primary reuse) End of Life

= ——— e e e e — e — - = = "

l Avoidance X times

I .

Production of Carrier bag LDPE :

|

| carrier bag LDPE (Primary use) End of Life

L o o e o e o o _

Non-woven PP, EOL = recycled 6 52
Woven PP, EOL = recycled 5 45
Recycled PET, EOL = recycled 8 84
Polyester, EOL = recycled 2 35
Biopolymer, EOL= waste bag or incinerated 0 42
Unbleached paper, , EOL= waste bag or incinerated 0 43
Bleached paper, EOL= waste bag or incinerated 1 43
Organic cotton, EOL= incinerated 149 20000
Conventional cotton, EOL= incinerated 52 7100
Composite, EOL= waste bag or incinerated 23 870




~. Global plastic production and its fate (1950-2015)

to
d meé ganiques

Balance of plastic production and fate (m = million tonnes)
8300m produced - 4900m discarded + 800m incinerated + 2600m still in use (100m of recycled plastic)

Straight to landfill
Plastic used once or discarded

Total primary plastic 5800m 4600m
production

8300m

Recycled then
discarded

300m

Recycled 500m

Recycled still
in use

. 100m
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A The route by which plastic enters the oceans

d me ganiques

_ PRODUCTION
2% of the plastics enter the oceans

- 160 Mt

mPP
W LDPE

M PPA fibers
m HDPE
mPVC

- WASTE

Global primary plastic production:
270 million tonnes per year

Global plastic waste:

275 million tonnes per year
It can exceed primary production in

a given year since it can incorporate
production from previous years.

Coastal plastic waste:
99.5 million tonnes per

This is the total of plastic waste generated
by all populations within 50 kilometres of a
coastline (therefore at risk of entering the ocean).

Mismanaged coastal plastic Plastic in surface waters:
waste: 31.9 million tonnes per year 10,000s to 100,000s tonnes
This is the annual sum of inadequately managed and There is a wide range of estimates of the
littered plastic waste from coastal populations. quantity of plastics in surface waters.
Inadequately managed waste is that which It remains unclear where the majority of

is stored in open or insecure landfills plastic inputs end up — a |arge quantity
(and therefore at risk of leakage or loss). might accumulate at greater depths or on

# Plastic inputs to the oceans: the seafloor.
8 million tonnes per year



Share of plastic waste that is inadequately
managed (2010)

260 kt in the ocean’s gires but 8 Mt/y of plastic enters the oceans

s T

e et —~= -
_E=E SR £ -

- ST R

L LTE _1/2', A5 .

5> ")/);72) <
e =

meéres Organiques

No data 0% 10% 20% 40% 60% 80% 100%
1 [ i

Source: Jambeck et al. (2015)
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80,000

70,000

60,000

50,000

40,000

30,000

20,000

Plastic mass in Great Pacific Garbage Patch (tonnes)

10,000

Great Pacific Garbage Patch (GPGP) plastic sources

\ Particle size category
(diameter)

78,908 tonnes - 0.05-0.15 cm

B 0.15-05cm
Bl os5-15cm
B i550m
5-10 cm
I 10-50 em
Il -50cm

41,376 tonnes

37,160 tonnes

337 tonnes 35 tonnes

All plastics Plastic lines, ropes Hard plastic, Pre-production Foamed material
& fishing nets plastic sheet & film plastic pellets

Ultraviolet light (UV) and mechanical wave forces break large pieces of plastic into smaller

ones called microplastics
Microplastic was up to four orders of magnitude more abundant (per unit volume) in deep-

sea sediments than in surface waters.

- ®
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Where does plastic accumulate in the ocean?

Macroplastics are greater than 0.5cm in diameter
Microplastics are smaller than 0.5cm

. Total from 1950 to 2015: Total from 1950 to 2015:
Shorehne Total from 1950 to 2015: CoaSta 150,000 tonnes macroplastic OﬁShore 1M tonnes macroplastic

82M tonnes macroplastic ‘ ! : :
Dry lands  40M tonnes mlcroppl)ast\o Shallow waters (<200m) 80,000 tonnes microplastic Deeper waters (>200m)  0.5M tonnes microplastic
31M 350k

114k

In offshore environments, older macroplastics
have had longer to accumulate — plastics

. o/l younger than 5 years accounts for
Most macroplastic (79%) in the coastal only 26%.

environment is less than 5 years old.

Two-thirds of buoyant macroplastic refeased

into the marine environment since 1950

is stored closs to the oceans’ shorelines.
240k

Macroplastics older than 15 years old

A large part of the ‘missing plastic’ problem
account for nearty half.

is explained by plastic accumulation,
burial and resurfacing along shorelines.

16M

Most microplastic (74%) is from the —

1990s and earlier, suggesting longer
breakdown timescales.

120k
S9K g 98k

1950s 1960s 1970s  1980s 1990s  2000s 2010-15 1950s 1960s 1970s  1980s 1990s  2000s 2010-15 1950s 1960s 1970s  1980s 1990s  2000s  2010-15
Accumulated plastic by age (tonnes) Accumulated plastic by age (tonnes) Accumulated plastic by age {tonnes)

125 Mt in the ocean’s gires but 8 Mt/y of plastic enters the oceans

24
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y.’ Plastic pollution

e Each year, we use and throw away : =
- 3,7 billions of plastic cups,
- 365 billions of plastics bottles,
- 3650 billions of plastic bags,
- by 2050 more plastics than fish
- 10% of the plastics go to the sea

e Pacific ocean accumulations:
o Plastic particles in suspension
o Concentration : 5.1 kg/km?
o More than 5 millions tons (?)

e Alliances of individuals, organizations
and businesses working together to stop
plastic pollution and its toxic impacts

Plastic Pollution Coalition is a global alliance of individuals, organizations and businesses

working towards a world free of plastic pollution and its toxic impacts.

- PlastlcPoIIutlonCoaI|t|on
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N World plastic market
R Global plastics demand 2017

~350MT

Thermoplastics Thermosets

-Can be remelted. -Cannot be remelted.

-Hard or tough elasticity - Hard elasticity
-Sold as pellets. -Sold as components.

Elastomers (« rubber »)
soft elasticity and can mostly not be melted
can be thermoplastics or thermosets

350 Mt* plastics demand can be split into Source: Total info, Plastics Europe
ICIS, IHS, Tecnon Orbichem, Nexant

-Thermoplastics: PE, PP, PS, PVC, PET, Engineering plastics (PA, PC, PEEK, TPE, ...).
-Thermosets: PUR, UPR, Epoxy, Elastomers.

* Plastics Europe reports 299MT demand, but we included polyester, PA and acrylic fibers.

- Others include: engineering plastics, other thermosets and fibers, elastomers and blends & compounds

[* TOP 5 polymers (PE, PP, PS/EPS, PVC & PET bottles/fibers) represent almost 75% of the market. ]

2
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&L, Piastics production from 1950 to 2017

Bio-based worldwide 7.2 Mt
350 - Fossil-based worldwide 348 Mt
Fossil-based Europe (EU28 + NO/CH) 65 Mt

300 1

250

200 -

Production (million tonnes)
o
=

20 1

1950 1955 1960 1965 1970 1975 1980 1985 1990 1995 2000 2005 2010 2015 2020

mcludes thermoplastics, polyurethanes, thermosets, elasiomers, adhesives, Data sources; ﬁ .
soatings and sealants and PP-fibres, Not included PET-, PA-, and polyacryl-fibres.  PlasticsEurcpe, Consultic and nova-instifute  © -Institute.eu |

Huge market with continuous growth for more than 50 years (4% per year)

But still based on fossil raw materials (for more than 99%)

. B , _ universitf ——————————————————— e
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Outlines

2- How ?

3- Bio-based plastics from natural polymers

4- Drop-ins: Bio-based alternative to fossil-based polymers
5- Smart drop-ins: Bio-based derivative of “fossil” polymers
6- New polymers from biomass

7- Conclusions and perspectives
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N So what is the solution?
d me ganiques

Plant photosynthesis uses sunlight energy to produce sugars (glucose (C;H,,0;)).
This glucose is then condensed by the plant into natural polymers such as starch or cellulose.

This plant photosynthetic process allows the binding and storage of atmospheric carbon
dioxide (CO,) in the form of matter in plant tissues.

/ 6 CO, + 12 H,0 + light - C,;H,,0, + 6 O, + 6 H,0

®®

Plants, through this photosynthetic mechanism, thus produce renewable natural
carbon-based molecules.

2 Annual plants such as wheat in the grains or potatoes in the tubers, synthesize
3 starch that is renewed each year.

29
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Biorefinery Concept
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co, €O,
o, oy 1 to 50 years
€O, o CO, co,
Coc02 €0: co,
(;02 o o Energy,
co, 0% chemical products,
polymers, ...
>10° years 1 to 50 years

BIOREFINERY

Fossil ressources

=

Emergence of biorefineries: use of biomass as raw materials instead of fossil resources
Food and Feed

" BoRBERUX

/———. ﬁ
1 BioPIatform\ Bio-based
Extraction Molecules Polymers
e PET
a— (e.g. Ethanol)
| | . | ;
- ucose .g. H H
Lignin Fermenta;ngn Fructose (e.g Laé:m acid) PLA
cgltl:r'gﬁe . gl G 4 A[::t'ggje 1 (e.g. Succinic acid) PHAs
Proteins Sucrose S PBS
Plant oils . Xylose (e.g. Furfural) PA
Biorefinery SR 1
‘ N (e.g. Gluconic acid) PU
B Controlled Pyrolysis Aro;latu: e
J L (e.g. Vanillin) N—
\// /“‘
Bioenergy 4z

ENSCBP ﬁ,p\§
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d W Example of a Biorefinery

Ethanol

Sugar

Corn
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) What’s new in the Plastic Industry ?

Find new pathways to ‘old’ polymers....?

i Ethylene
Propylene

meéres

Pipeline

PHA

i

PPS
POM

e or [
- | [ —e e - T
5 EPM 5 PA X
| EFDM APC
| isoPP | UPR
 HDPE PTT lkanoates | |
o L
BR | Epoxy | PES / |

g 7 PEY | BE py

BNG Silicone . PEI
1900 1920 1940 1960 1980 2000 2020

.....or Design novel polymers ?

=== “BORDEAUX N
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From biomass to polymers

~ [Lignocellulose]
. [Natural Rubber] \

e e —

:.‘,‘ ."

Other Furan-based polymers |
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SUPPLEMENTARY INFORMATION nae .
https://doi.org/10.1038/541929-018-0212-4 catalysls

In the format provided by the authors and unedited.

A comprehensive metabolic map for production
of bio-based chemicals

Sang Yup Lee @'234* Hyun Uk Kim ©235, Tong Un Chae'?, Jae Sung Cho®'?, Je WoongKim'?,
JaeHo Shin®'2, Dong InKim'?, Yoo-SungKo'?, Woo Dae Jang @' and Yu-Sin Jang ©'¢

Biological reaction

Multiple biological reactions

Chemical reaction

Chemical reactions shown in other places of the map
Bological reactions shown n other places of the map
Chemical reactions not shown in this map.

Biolegical reactions not shown in this map




Example of the glucose platform

' o ' Glycerol |>Glur.on
P-Xylene HaN
o : | s
H rln:anun
2 5-Furan ' nthesis E?_®
ey S, cu e O : 4‘5 oﬁ%r \
Polymer- Polymer- ¥ Polymer- onalde Sncantats Methyl
0 Zaion izal izafion anthranilal
HO_~ e <3 S “%"*’gdﬁ E,Dah',,m_ Chossmate ranilaie
9 0 Etfwlana & 1,3 Propanadiol o ] shiimate o
2,5-Furan ghyeol : Defwdration ¢
dicarbonyic acid Terephinalc ackd n=t = wo~on wo ¥ a B 2 poymen
dimetyl estar Acnlo-  Nitilation C"W""‘W HO é_\D-E-DH H, TR OH Z2tion, £
; dH g 2 o
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o 0 g o m'drsu 151|1ﬂ|esns D WCE’EE {_ B
Wﬂ L o derwn g
18 0 Pyralysis vLOH HO o on OH -
Palyethylena ethylens Polytrimethylene Acylicacd  HO™ ol HO—@ — " =
furanoats (PEF) terephthalate (PET) terephthalate (FTT) us cls—M.mm acid
Ja\rg . pyrwme éﬂd“—‘
. HO
o \g/ hydration
1p ymerizaiicn ONDJ\@r zﬁcmm&mﬁnm acid Hydrogenation
0 -
oH Kelon
8l OH _z‘- . g;'\&)\ __,__/J\/u\ __ Ketonization o
Polybutylene terephihalats = v aler HO.
{PET} F‘,'rwme 2-Ketoisovalerate = Adipic acid OH
rREoN  Ethylens
Conden-| ! ) ¢ o~ —= HOT™ Polymer n Polymer-
sation gpmhesls o fmﬂmdﬂ Ethanal ization : r
lization HzH a H
oD === M S TS f | B | LT
Valarokactam ~Bioeyfesic. logyritiesis Sﬁrrnwalem aid 0 S-Coa  Butanal Polyetiylene :
T Acet ;
Potytactic acid !
1Puh'rnerizaﬁm ; L - ‘g ol E n
' Acatans P :
o Wi M g o ‘n‘JJ\"J'L J\j;}i Isacaproic acd : % NH
7 . Esteri- o i
Hon M st oy ooﬁimmme s il oty fiction 0 P
L-Lysine § |
oH /’ ™y e PR
Polyamids 6.5 N H Ho o g fetores i
Cadaverne ‘“ﬁﬂj\ b o4 W@H e HH
e 2 OH i pel
'{’V‘“‘G}h Pﬂh‘memahml M ns-ﬁo:mnxba A L?tulljmp 2] =
Poletraydrofuran Sabacic acid q 4- i [ HOJJ\.’"\/"NHQ_.'H.‘,N%HH?
Py THR) (1] *B/\)L oH iy, fiHe L-Omittine Putrescing
et
HMHL Fumarats aetoghtarale—{mm 4o, L OH HO
Polymerization \ o ! T I @
Palyamide 5,10 HO‘]T’“‘-)I‘ HD\“,»\,JL —— LGhutamate §
d fion OSLmhaIEH T Slinn:rr,'ls-an&t\ﬂ l Profymearization S
l— = e o £
HzN\_/'\,JLOH 4}
Q Cyclzation y-Aminobutyric acid
Ho~OH o o:gj be & Biosynthesis! H
L ) e dration O~ ML 3
1,4-Butanediol Methyl- THF  r-Butyrolactone 4-Hydroybuiyrata NN
s pyma ! Hydragenstion = H
i [ I H\./“\./‘- Polyamide 4,10
! : o Oﬁ 7 W, 0
e Domnthesis ] g"'\/"‘vo Polyamide 4 H-.r"‘-.r"‘ L
Polymerization in Polymerization 5 o H
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Promising bio-based chemicals

Market

e

Key characteristics:

* No. of carbon
atoms

* No. of oxygen
atoms

* No. of FGs

» Types of FGs

*FG: functional group

replacement chemicals (CxH,0;)

Promising (bio-based)
Flux balance

e

Key indicator:
24 4+ 2(Y/X) + 32(Z/X)

Demanded 60 + 15(Y/X) — 30(Z/X)

by market

PoAS >

= -,

o 3
& V )

Maravelias et coll. 7iSci¢nc7e, 2019, 15, 1?@\%é 36

universite - - =

“BORDEAUX

nnnnnn

N~




Most promising bio-based building blocks: DOE 2004

@)
HO i i 7
O

Succinic acid 2,5-Furandicarboxylic acid 3-Hydroxypropionic acid

NH, O O OH OH o) o
HO OH
\H/U\ OH HO é HOJ\/\H.LOH
O OH OH O NH,
Aspartic acid Glucaric acid Glutamic acid
O O @] O
OH I
CH, O o HO
Itaconic acid Levulinic acid 3-Hydroxybutyrolactone
OH OH OH OH
OH
OH HO OH
HD\/'\/DH HO/\:/lﬁ/‘\/ \/[ﬁ/‘\/
OH OH OH
Glycerol Sorbitol Xylitol

37
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o Most promising bio-based building blocks: DOE 2016

d mé ganiques
TRL Level R&D on-going for
Chemical Type Conversion Pathway based on commodity  lignocellulosic
feedstocks feedstocks

BC - Biological

Drop-in

. TC - Gasification,
Drop-in . . 9 Y
BC - Biological, Algae

Functional

Algae

Functional BC - Biological 9 Y
Functional BC - Biological 9
— BC — Catalytic 6 Y
? TC - Pyrolysis

- université s S oy we
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d w Worldwide production of bio-based chemicals

ganiques

3.54 I Adipic acid (AA)

I 11-Aminoundecanoic acid (11-AA)
I 1,4-Butanediol (1,4-BDO)

I Dodecanedioic acid (DDDA)

I Epichlorohydrin (ECH)

BN Ethylene

" Furans

B Isosorbide

[0 D-lactic acid (D-LA)

B L-lactic acid (L-LA)

B Lactide

[ Monoethylene glycol (MEG)

I Monopropylene glycol (MPG)
I 1,5-Pentametylenediamine (DN5)
0 1,3-Propanediol (1,3-PDO)

I Sebacic acid

I Succinic acid (SA)

251

1.5

0.5

Production capacities (million tonnes)

2011 2012 2013 2014 2015 2016 2017 2018 2023

39
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Ressources prize volatility

1700 S
o oy bean
. i 1600
10000%
12000
1500
110.00
1400
7500%
10000 {
1300
5000
1200
8000 5000%
1100
7000
1000
60.00 2500%
5000 200
4000 800
3000

W07 2008 2009

20m 2012 2013 2014 2015 2016 2017 2018 2019

106 2007 2008 2009 2010 20mn 2012 2013 2014 2015 2016 2017 2018 2019

033 225.00%

800
Sugar -

750
028 175.00%

700
025 15000%

650
023 125.00%

020 100.00% &

07 2008 2009 2010 20m 2012 2013 2014 2015 2016 2017 2018 2019 07 2008 2009 2010 201 012 2013 20

2016 2017 2018 2019

ENSUBK
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https://markets.businessinsider.com/

Refinery to Biorefinery

refinery
Asphalt
Oil hydrocarbons
Complex
petrol } products
H2 C1 ¢2 C3 C4 C5 C6 diesel
Aromatics
ex e methane ¢ ethylene ® propene ¢ butane * hexane
e ethanol ¢ propanediol e pytanediol * benzene Alcanes
Oxidation Chemistr
cuts m 4
Biopolymers
xanthan, dextran
Biorefiner
Agro f Y
ressources
H2 C1 Cc2 C3 C4 Cé Cc7
o Fuels
*Formic acid e ethanol e propanol ¢ butanol ¢ glucose * p-hydroxy
e acetic acid e propanediol ¢ butanoicacid e fructose Benzoic acid
COZ e propanoicacid e butanediol e butanediol ...
* acetone * malic acid e glutanmic acid 68
— * |actic acid esuccinic acid ... * butyl butyrate
 pyruvic acid ... ¢ phenylethanol
CU'I'S e glycerol

Reduction Chemistry

[ N

— université
“BORDEAUX
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y = Bio-sourced chemicals and polymers
Market size ~ 50 million tones

M Chemical Derivatives ® Naval Stores M Natural Products
M Oleochemicals M Biopolymers M Amino Acids
W Alcohols u Aliphatic acids « Other

Fermentation Products

1%

1%

=

i - universite Bordeaux INP
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w Schematic differentiation of pathways of drop-in, smart
MG rmeesOrsaniaces drop-in and dedicated bio-based chemicals

Crude Oil / Naphtha

Natural Gas / Methane —_— —fp P —p —Pp —P Chemicals

Coal / Syngas / FT

v

Drop-ins
EPDM
PE /PP

PET

Dedicated

CA

PEF

PHA

PLA

PUR - based on NOPs
Starch blends

v

Smart drop-ins
Epoxy resins

PBAT

PBS (X)

PTT

universite
*BORDEAUX
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PUR - based on other polyols than NOPs
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-
o
L

co
1

o N o~
I 1 1

Production capacities (million tonnes)

W Packaging
M Building &

Construction
B Automotive

ME&E

H Others

- ®

Worldwide production of bio-based polymers

2018

2023 I Aliphatic polycarbonates (APC)

Il Cellulose acetate (CA)

I Epoxy resins

I Ethylene propylene diene monomer rubber (EPDM)
I Poly(butylene adipate-co-terephthalate) (PBAT)

Polymer applications

A

Polyamides (PA)
[ Polybutylene succinate (PBS) and copolymers
~ Polyethylene (PE)
I Polyethylene furanoate (PEF)
I Polyethylene terephthalate (PET)
[0 Polyhydroxyalkanoates (PHA)
I Polylactic acid (PLA)
[ Polypropylene (PP)
[0 Polytrimethylene terephthalate (PTT)
Bl Polyurethanes (PUR)
Hl Starch blends

bio-based polymer applications

1% (1% 2%
2% | | B Consumer goods
I Building and construction

B Automotive and transports

- Textiles (incl. woven, non-woven and fibres)
I Packaging - rigid (incl. food serviceware)

B Packaging - flexible

- Electrics and electronics (incl. casing)

- Agriculture and horticulture

- Functional (adhesives, coatings, cosmetics etc.)

Others

U ni Vers lt.é ENSCBP V,Nyp‘('
“BORDEAUX /1\§




dg Bio-based polymers : five drivers for development

meéres Organiques

Bio-based polymers development is driven by five main trends, combined or not:

[ Supply-driven ]
M SNt

[ Cost-driven ]

V
ﬁ
2
<

"»'.ﬁ &’

[ Functionality-driven ]

-Societal demand for bio-based, lower environmental impact plastics drive

development of drop-in bioplastics: PE, PP, ...

- Specific premium required on bio-plastics to compensate higher cost

-(perceived) Raw material supply constraint drive development of bio-based
ela

- For a success story all

the

= 5 drivers are needed .

bas

-Fermentation of (flared) natural gas to PHA, for use pure or in blend with PP

Bio-based plastic has no fossil-based equivalent. Its development is driven by
new functionality: PLA, PHA, PEF...

LI 1] “'A .iib “y

k L et [

[ Legislation-driven ]

. —

For some applications and in some countries (eg. FR, IT), the government

imposes legislation liging bi [ I kaging and maybe tomorrow tax

incentives or obligations on bio-based plastics?

S Wy
U mVPrSlte = = == — gg;g:%ux INP\\
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d N Worldwide land use

Area

A

71% QOcean

I
Earth'’s surface 361 Million km'

Land surface 10% Glaciers | 19% Barren land

15m km’ 28 Million km®
Habitable land %ﬁ%ﬁg ;elff} b,
ke 1% Fesheter
Biomass production = 120 billions tons/year VS. 350 millions tons/y of polymers
(210 with algea)
10% of the biomass is used
O Food
6% O Animal Feed
0O Wood
O Other
58% Only 0,5% for
chemicals

B Carbohydrates ] —
Cellulose production = 400 millions tons/year

0 : .
mOther Vegetable o, Less 1% of the worldwide cellulose production
Terpenes, = 25% of the harvest wood

Proteins...

- N —— université — ———— oo m"% »
——— “BORDEAUX A
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Food vs Fuel

No impact on the price

* (Can use crop wastes  (traditionnaly use as soil fertilizer)
* Develop specific crops with high yield

Crop Oil content (%) Oil yield (L/ha/year)

Corn 3.1-5.7 172

Soybean 18-22 446 . .

—— — Petroleum consumption in France 10 GL/y
- S — 100 kha of microalgea needed

oconut

Ol palm 2 5950 2 %o of France surface

Microalgae 30 (min. scenario) 58,700

Microalgae 70 (max. scenario) 136,900

. Vi
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| &E’ g Outlines

—> Biomass transformation to platform chemicals
3- Bio-based plastics from natural polymers
4- Drop-ins: Bio-based alternative to fossil-based polymers
5- Smart drop-ins: Bio-based derivative of “fossil” polymers
6- New polymers from biomass

7- Conclusions and perspectives
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d W Bio-based plastics from natural polymers
Natural rubber from latex . b

e Rubber products : polyisoprene 1,4-cis
13.9 Mt (2018)

)

Guatemala

Philippin
Céte d'Ivoire ~  Thailand
Malaysia

China ~ \_,
-*’ b Ly N i
w & ] Ly S

@ Natural rubber, production quantity (tons)

Indonesia

2018 13 869

2007 13551

2016

Production increase is too slow for the
worldwide demands

2015
2014
2013

2012

—> Other sources
Synthetic polyisoprene: 15.6 Mt (2018)

2011

2010

2009

2008

. — — universiteé .N;%
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dfl? e Bio-based plastics from natural polymers
Natural rubber from latex

Biosynthesis pathway of natural rubber

/K/\OPP > a— )\/\opp

Gis,trans-mixed polyprenyl diphosphate\
Dimethylallyl-PP Isopentenyl-PPs - /L
(DMAPP) (IPP) - -= > N
[trans-prenyltransferase| / -
|cis-prenyltransferase| \ M L nOPP )
7 =2-3, n=3-20
Ve D - -~ S HSE
short-chain allylic diphophate Dolichols, Polyprenols
PP A
~OPP (cis, trans-mixed polyprenyl diphosphate)
m = 1: Geranyl-PP (GPP: C1q) /}\
m = 2: Farnesyl-PP (FPP: C15) NN \E \Z
@ = 3: Geranylgeranyl-PP (GGPP: C20)/ m
T \ M nChED
T J4 L m=1-3,n=300-5,000
OPP = O—P—0—P—0
TR Natural rubber
Impossible to obtain by regular
polymerization processes
- Enzymatic pathway
[ Y

= B NV
universite ——— —_————— —
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meéres Organiques

Starch based polymers

Starch blend with different polymers
400 Kt (1Mt for the blend)

- Starch in blends with polyesters
* Polycaprolactone
« Poly(butylene adipate-co-terephthalate) (PBAT)
- Poly(butylene azelate) (PBAZ)
- PLA, PHA, PBS, ...

- Starch acetate in alloys with Polyolefins

Bio-based Carbon content : 25to 100 %

— universiteé
“BORDEAUX
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CH,OH
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OH

HOO

HO
HOo 0
Amylopectine HO
HO

[ CH,OH

OH

OH

Bio-based plastics from natural polymers

CH,OH

OH

OH

300-600 OH

Amylose

OH
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d N Bio-based plastics from natural polymers

aniques

Cellulose-based polymers
Mature market with small growth (1.5Mt)

How

Nitrocelluloses 140 kT - Acetates 650 kT OR
OR
Viscose 150 kT O
RO o1

Mercerised RO O

Celluloses 50 kT OR

o OR
Microcristalline -

Cellulose 85 kT

Ethers 370 kT

\\

>
! § Cellulose : R=H

Nitrocellulose : R=H & NO,
Cellulose acetate : R=CH;CO

' Cellulose acetate/butyrate : R=CH;CH,CH,CO
=

_ Hydrophilic cellulose ethers: R=CH,CH,OH; CH,CH(CH;)OH;
Not a thermoplastic  CH,COOH

= R — S UﬂiVPfSlt.é — \E:;%:éuxlm\" —
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Cellulose-based polymers
Emerging application

Wood

Wood cell walls

Microfibrils

Macrofibrils % :

//’

Cellulose polymer

s JL% 74

Reducing end

o
a
NO
|&/u i
|

Non-reducing
end

Crystalline reg|ons =>-
Disordered regions -
/ /
Strong acid
hydrolysis

CNF BC

Bio-based plastics from natural polymers

High tensile strength b High aspect ratio

L
o

Tensile strength(GPa)
- o
l.ll o
8

MCC At Bar Cd Cot Hw Lo Pvl;n!n Sb TunWs

CNC Glass Steel Kevlar

Sources of CNC
Cellulose nanocrystals
Lyotropic liquid crystalline behavior
CNC Concentration (g/mi) o . _High thermal stability
oo 0081 0.081 oorn o081 0.091 0w
08 '} .
2
“©
05
i . ?v
w 04 @
5 03 A
02 )
01 "
v ) 100 200 M0 &0 S0 &0 70 MO0
0

28 38 58 68
CNC Conccmmlon(voi%)

Temperature (*C)

CNC
(200 nm)

CF
(200 zm)

P N/
” université e
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Bio-based plastics from natural polymers

Other polymers

..o/f\g\ } nof\/(\ ‘S nof‘\\-’// oav°
w“f.?\‘?\..&‘;-g "°Z7\;7” ﬁ;’s. my ‘;b/t* < cellulose

x";tf..om *m&\:-L /:.:7 :x:ém

- hemicellulose
",\/; J\
-\V\ 397 ’ o427 7 W

’ OCH, 0 ’ 4 "’
.- ‘ Lignin-carbohydrate

H{CO ' H,CO ’ [ = complex

MO . iy 0

—— - I université = = T
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d N Bio-based plastics from natural polymers

Other polymers: Lignin e ¢L R
Extremely complex structure @éu@ Meo ome

(3 o

HO' 3
0 oo,

O o OH
500 kt H e oY
OCH, H g ooy Dﬁnn OcH
H Ho B-04 s
HO'
K o O, oﬁ .
H5CO
OCH3
o

,@ : motif G
o MeO

oH OH

@ > motif H

OH

Phenol
5000 - derivatives
= Vi - 1250
g - Carbon
o o ":: fibers =
2 - ®
1000 - 1000 ¥
g Phenol o
3 = s
0 Mk -750 o
: =t VA g
) = | &
ignosulfonate, 0.4% 5 (e 500 €
9 :
2 Wefinery ihin | =
§ A At Y sulfonated L 250
Low purity
] Energy (-—‘L" lignin
0 T T 1 = U 1 1 ! 0
100000 10000 1000 100 10 1

@ Production/market volume (kt/year)
—



fl? g Outlines

eres Organiques

—> Biomass transformation to platform chemicals
Cellulose, lignin, Natural rubber
4- Drop-ins: Bio-based alternative to fossil-based polymers
5- Smart drop-ins: Bio-based derivative of “fossil” polymers
6- New polymers from biomass

7- Conclusions and perspectives
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d N Drop-ins: Bio-based alternative to fossil-based polymers

ganiques

Polyethylene (PE) / ITI ITI \
200 Kt C—C

* Industrial plant in Brazil (Braskem) \ | | /

H H/

* Premium value on the market due to bio-origin
« Too expensive outside Brazil

produces produce produce produce

00 00‘
CO2
-3.09 kgCO,e/kg
1:fe|::‘a‘;e 8118925,: :.‘?:ne EZl'zig?ul)I Greer:\3 gt):ylene Gri;?\nPE (VS 196 kgcoze/ kg)
27 Mha ¢ | vs. 80 Mt of PE
¥ of the habitable land !!!
W

- === universiteé = T
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600 Kt

Most bio-based PET are only 30% (20%) bio-
based

Since 2015, Coca-Cola compagny produce
100% bio-based

by 2020 all their PET bottles will be 100% bio-
based

8@ ‘l‘

CO2 4kgCO,e/kg

(vs 2.73 kgCO,e/kg)

Wy,

———— universite =
“BORDEAUX

Drop-ins: Bio-based alternative to fossil-based polymers

SUGAR STARCH
Glucose OH OH
(o]
HO
OH OH
// / Fermentation \\\
Filtration “Gevo process
Ethanol ~"NoH "o\/k Isobutanol
H,0 44 Dehydration Dehydration* b, H,0
Ethylene = /L Isobutylene
:::I.yhh:n Dimerization*® l
Ethylene
R A Isooctene
I Omega Dehydrogenation* l
process
Ethylene oio Para-xylene
carbonate /

H,0 Oxidation
co,
MEG
Esterification
Polycondensation
H,0

1304 A

TPA



E - Drop-ins: Bio-based alternative to fossil-based polymers

meres ganiques

Polyethylene terephtalate (PET)
Other routes to terephatalic acid:

Other industrial routes

Cu(OTf), (0.5 wtl)
o dioxane

250°C, 7h
W vz @
(35 bar)
994

NaClO; (1.4 eq) CuO, (10 mol%)
Ho05 (5 eq) bathophenanthroline

Sc(OTf (0.1 mol%) o NaH,PO, (20 mol%)
MS (4 A), CDCly HoO/CHLCN conc, H;S0, NMP/quinoline (3:1)

H _-55°C.25h H| 0°C.5h OH 0°C. 15min 210°C, 4 h N

3.2xDMF  + /\fr 7% - >99% 91%
@]
12
13 pX
2 o
%)
(CrCly(THF)y] - Ir P4 "’\5:&"0
(0-MeO-Ph),PN(Me)P(0-MeO-Ph), A=)~ Sl
methyl aluminoxane (300 eq) (0.32 mol%) 2
toluene, 80 °C, 60 min 250 °C, mesitylene
3x = NNt =
1%, 66%
(41 bar)
16
17

; . % N2
IS ssssssaaas———s—EEE T | IV T T — -
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~.  Drop-ins: Bio-based alternative to fossil-based polymers

ganiques

Polyethylene terephtalate (PET)
Other routes to terephatalic acid:

OH CH OH O.__OH
OMe  MeO OMe  MoWBO,AC, COxH, = 2:1 PANIO,/AC, CO,/N; = 1:1
300 °C, 40 bar, 30 min 400 °C, 40 bar, 30 min
72% 59%
HO™ ~0O HO™ "0 HO™ X0 Ho Yo
36 37 38 TPA

40 HO” ~O
o
pC TPA
@

P — . —— universitf ——————— S S
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Drop-ins: Bio-based alternative to fossil-based polymers

Polyethylene terephtalate (PET)

Other routes to terephatalic acid:

Sugars (C6) W S adY \#oa 3

HO 2, 0
5 6 &'I‘G)-):h\ﬂfb‘ Q\ (o)
e H j.H\l/\ o R’
. o 8 enzymanc steps J enzymatic
(o} OH 4, ”l'bao O OH steps
’qa""’h- e

y\ / 7

\ \(‘(\b\‘c"

W o 0 et® PTA

Gty
©
* 9 o Ry Y
50“""6 o C &y () %,
OH L g,
PO 25 > ‘A 0.__OR
:Pa\“’*‘ Q‘Jnlq e <
A
0] ‘ 1, (0.5 mol%), H,O o

THF, reflux, 4 h
| po HO SN
b 11 % 0,
o O 96) Sor) o
Y 5/; q"e‘, o ?Gv
OH tMA % oo
ccMA DMT, R = Me
DET,R=Et
o o o o OMe
OH I A
HO OH . HO - - | o __ . | o MeQ OMe 200 °C. 18 h
—_
OH OH = = . 3 P 89%
o o HO™ ~O MeO™ =0 22
23

10

" A\l
———— [T\ T T/ TI Tt e
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d iE’ ~.  Drop-ins: Bio-based alternative to fossil-based polymers

meres Organiques

Polyethylene terephtalate (PET)

Other routes to terephatalic acid:

Sugars (C5)

(0] 0O
NaGIOy, P05 \_J
H 0 H;0, 80 C 10 h /U\/W /@T 140 °C, 0.004 bar, 3 h o EL,O, rt, 12 h
2 e —,,—
| Y/ 95% 98%

HO® O

(0]
32

o MeSO;H, Ac,0, Ny fe) o] 1) Caly, H,O O OH

1), 2h KOH, H,0 420°C,2h

2)80°C,4h 80°C,2h OK 2) 1M HCI

o — > 0O — —_—
84% 98% OK 44%
o] 9] o)
HO o]
§ 33 34 35
TPA

o /3
———————— [, | V- Ty ({T- IR e = G f—
= “BORDEAUX A



Drop-ins: Bio-based alternative to fossil-based polymers

imie

Polypropylene (PP)
20 kt
a  Glucose
Dt o Fermentation
—
et =,
OH OH
—
RPN, et TGN
Glycerol OH
HO on p 0 ___,2
Acetone Isopropanol
o OH

i e
: - universite B N
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~.  Drop-ins: Bio-based alternative to fossil-based polymers

ganiques

Super Absorbent polymers (SAP’s)

Lactic acid
Pilot scale process

Sugar

l Fermentation

Glycerin process Q
\/(i/ HOJ\OC Conventional process
HO OH
Lactic acid b

2H.,0 H0 "1 H,O
2 /U\% H )J\/ 2

0 0
Acrolein A @) )2/ Acrolein
HOJV
Acrylic acid

H,0

3-HP process 0 y
.

3-Hydroxypropionic acid (3-HP)

/Fermentation X@J(L

/@’l—’ sugal’ = Eonaen , &%
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~“esdorn.  Drop-ins: Bio-based alternative to fossil-based polymers

d meres Organiques

Poly(methyl methacrylate) (PMMA)

Pilot scale
MeOH

Traditional route

0 NaOH H.SO,

! o

Toxic \ Waste
Bio-based route PMMA
Catalyst MeOH //7,
N + €O, > OH > o0
Catalyst
N compiores ity @ o

" Jniversité — = —_—
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— E” Outlines
d moél:::s gi‘galr::;ies

—> Biomass transformation to platform chemicals

Cellulose, Natural rubber

PE, PET

5- Smart drop-ins: Bio-based derivative of “fossil” polymers
6- New polymers from biomass

7- Conclusions and perspectives
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d %E --  Smart drop-ins: Bio-based derivative of “fossil” polymers

meéres Organiques

— =

Polybutylene succinate (PBS) 0

100 kt | '--MGMG .

s
Bio-based succinic acid cost = fossil - Tm=115°C “n

PBS polyethylene-like properties + biodegradable

Biomass
J HOJWOH .
o / o) \ ,\j R =H, CHj3
OHHO 0 o ROWOR o ~ \ I o L/EO g
Glucose Oﬁo KE) Succinic Esters L):O Q 2'3&??3235”53”6
Maleic Furfural HO/\/\/OH

Glycerol
Acid 1,4-butanediol

Fermentation Chemlcal ‘
Transformatlon

NH
H2N/\/\/ 2

1,4-butanediamine
Succinic Acid

T V2
T — . _ — — universite  ——— = = - —— e I e————
e “BORDEAUX I\Y
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meéres Organiques

Polyester C13HOE/W\/W\,JOH
HO OH
~ (:S) !;/“\a"\af\\/’\zg
HO’\OH\OH\’OH + Ozonolysis

HOOC
~-coor (//\\/::Z\,COOH c10
\ * Alkali fusion q
S~ HG,
cooH — ¥ §

OH . .
o Triglycerides (/(v\/\:\//\\'
SIOS < CeH1206 b A g —
HO

Tr\/\/\/\/\n«OH
Pyrolysis 0 o)
X Ferm ntation\ & m\/\NCOOH C11
HO'\’OH HOPN 0H
C2 0O C3 + Metathesis *Methoxycarbonylation
HOJJ\/\'TOH
o HOL AN O

HO OH

C18 o 148 M Cc19
HOPNAN\LOH C22 HOS AN OH HO on

o "o M c23

C4 C26 HOMOH

PET, PPT, PBT, PBS, PBAz ... polyethylene mimick

68

T V2
I — - - - universite  ——— = - ———— e I e————
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Polyamides (PA)

2 O O kt SUGAR STARCH

v v

Glucose

OH OH

0
HO

OH OH

I -

Lysine

"’"V\/\Ho\"" e "‘(‘ML-'

=)

I | e
i

Ring-opening
polymerization

PAG

CASTOR OIL
v

Smart drop-ins: Bio-based derivative of “fossil” polymers

Isocyanates

Ricinoleicacid 2
o L’
NOPs

OH
Alkaline
o,
Heptanal

Undecane acid Sebacic acid

M <] catalytic
conversion

Amino undecane acid

M
Condensation
el -

PA T PA10.10

e

“BORDEAUX

Condensation

fodng

Ho </

4 Y 4

PA410 PAS5.10 PAG6.10

rde: —
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d ganiques

Polyamldes (PA)

Stiffness P0|ya mide Styrenics

Z H o X
PA 6 HOWMWNHJICN%OH __________ - |
A610] © ° U T
or

“—[PEBAX[ PEBax| PEBAXI Y,

P e A | |
PA 1 1 HO H H WOH PolyEther Block Esters (COPE) :
PA 12 LA o G Termoplastc |
| ermopilastic
I Polyurethane (TPU)
Hydro- \ \
phobicity + Polycondensation Polyamides Rubber
' H—]— ] '
Polyether ShoreD 80D 72D70D 63D 55D 40D 35D | 25D

1%e “ soren ot
PEG
T a0

Elasticity PTMO (- /,, ,

D o e universite T s
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d meres, ganiques
Epichlorohydrin
1.5 Mt
Carboxylic acid
OH catalyst OH Cl
HO\/‘\/OH + 2HC| e——) CI\)\/CI ' Cl\/l\/OH + 2H-O
Glycerol 1,3-dichloro-2-propanol 2,3-dichloro-1-propanol
NaOH
@)
Cl + Nacl
Epichlorohydrin
NaOH

/\ cl, R Cl HOCI OH Cl
) 2
Propene / Cl \/I\/Cl + ClI \)\/OH
Allyl chloride
1,3-dichloro-2-propanol 2,3-dichloro-1-propanol

T : ——— université ' > e
—r “BORDEAUX A\
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meéres Organiques

Epoxy
D 75% of epoxy are derived from Bisphenol-A (BPA)
01l REFINERY
FACTORY > Environnemental and economics concerns

L
* Petrochemicals = fossil carbon

* Price volatility

High risk of obsolescence of BPA

HO O{%}O on [ Toxicity of BPA = CMR 1B

Bisphenol-A

\ 4

OH
Bro- OO e OO 2w
DiGlycidylEther of Bisphenol-A (DGEBA)I
}}& 40-25% bio-based if ep|chlorohydr|ne bio-sourced

Uﬂ]VPfSlte = = —
“BORDEAUX

3D-network
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)fganiques

Epoxy From Lignin to epoxy resins...

OiL REFINERY
FACTORY

Vanillin

Dimerisation

DU
~o O O~ Divanillyl Alcohol
. OH
Bisphenol A HOOH
OH

Epoxidation

|
|
|
|
A 4
(0] (0]
oo £ o ()0 2
N\

T — — — ——— université = = ——— ————— BordeawINP
/@ “BORDEAUX AN

Glycidyl Ether of Divanillyl Alcohol
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Enzymatic coupling

Laccase is an oxydative enzyme found in
wood rotting fungi

Coupling of Vanillin

R

: R2
(o}
]|

Laccase generates radicals
cu! cu which can undergo self coupling
\\/ reactions yielding dimers
ﬂ/m

2 H,0 0,
Kobayashi et al., Chem. Rev. 2009
s @ Llevot et al., Polym. Chem. 2015, 6 (33) /2
- — : ——— vuniversitf ————————————— — g eSS
/® “BORDEAUX AN

Divanillin
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meéres Organiques
Synthesis of dimer from Vanillin

Epoxy

Precipitation
0\
Extraction
~o Laccase
OH Acetate buffer/Acetone
90/10
+
Laccase
Acetate buffer/Acetone Oxygen
90/10
. y,

v

Self-sufficient process to synthesize dimers

; . Llevot et al., Polym. Chem. 2015, 6 (33) 6058-6066\7_
H———e | 3] /- T ) — e i
/® “BORDEAUX TN
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méres Organiques

Epoxy Aldehyde Reduction
GEN:
1) NaBH4,
NaOH (aq), 1h RT
>
2) HCI (aq)
Divanillin Divanillyl Alcohol (DVA)

|:> 4 functional groups available to achieve high mechanical properties

o /3
T e —— universite —————— — e mees
= “BORDEAUX A\
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eres Organiques

Synthesis of epoxy prepolymers from DVA

Epoxy
HO
OH
Araen
OH
OH

DVA DiGEDVA TriGEDVA TetraGEDVA
Properties DGEBA DiGEDVA TriGEDVA TetraGDVA
Melting point (°C) 45 - - -
Glass transition (°C) -18 16 -6 -15
Viscosity at 25 °C (Pa.s) 5 nd 975 14
Viscosity at 40 °C (Pa.s) 1 1300 60 2
EEW th. 170 209 158 132
EEW exp. 171 232 164 129

: " \l/ﬂ
— — UmVF’rSlte = _— —= — Eg;g:iux INI-“"?
= “BORDEAUX |
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méres Organiques

Epoxy Synthesis of polyepoxyde network

r oy, A oy A

NH,

- A

R \mﬂ Epoxy Tonset Texotherm AH
g prepolymers/IPDA  (°C) (°C) (J.g1)
DGEBA 73 111 430
: DIGEDVA 47 107 (180)
: fot Hoat TriGEDVA 48 113 (198)
s 0 s w0 1 20 20 TetraGEDVA 50 92 426

Temperature (°C)

* Reactivity at lower temperature for

blobased | epoxy prepolymers o Vi
— universite  —— — == == === e I e————
/® “BORDEAUX A\
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meéres Organiques

Dynamic Mechanical Analysis of epoxy resins cured with IPDA

Epoxy

Epoxy T2 T E’P E'(T,.3)° Network density
prepolymer/IPDA  (°C) (°C) (Gpa) (Gpa) (103mol.m3)
DGEBA 152 155 1,7 0,035 9,2
DiGEDVA* 138 140 1,9 0,035 9,5
TriGEDVA 163 177 1,3 0,084 21
TetraGEDVA 198 188 3,5 0,15 36,7
adetermined by DSC,® by DMA, *80%DiGEDVA-20%TriGEDVA
DiGEDVA TetraGEDVA
1E10—: - 1,0 1E1U—: =410
1E9—: ﬁ'\_ | 1E9-: \ 1
- e I N
: . :\';::,...-.—- - 02 _.-": -:‘- 402
¢ ‘o "
1E7 "“"‘""M/ . & . 0,0 1E7 M : oo
Temperature (°C) Temperature (°C)

T—— g e ——— universite  ——— = g e~ —
—smer— “BORDEAUX A\
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meéres Organiques

Epoxy Thermal degradation of epoxy resins cured with IPDA
o DIGEDVA Epoxy Tasw  Tazow Ts
s weenioss AN IcrelﬁaEGDESVA prepolymer/IPDA (OC) (OC)
g ] DGEBA 336 364 172
g o DIGEDVA 273 337 153
TriGEDVA 292 335 156
A TetraGEDVA 275 316 147
° T remerature () - « Slightly lower thermal heat resistance
% _‘----57%-;*;9-’?}"-0;; --------------------- B%EEEI;,‘;‘A Epoxy Td 5% Td30% TS CharGOO
SR \ ) I THGEDVA prepolymer/IPDA  (°C) (°C) (%)
N DGEBA 349 366 176 9
: | DiGEDVA 275 334 152 36
g TriGEDVA 296 333 155 30
TetraGEDVA 276 313 146 28
N2
T M & a0 s * High char residue for biobased epoxy resins

Temperature (°C)

" Wi
— — = — — — universite =——— = = = e e
— “BORDEAUX I\Y



Flamiing test of epoxy resins cured with IPDA

ratoire de Chimie
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ganiques
(o) (o)
Polyurethanes
HO.__OH O=C=N__ _N=C=0 > _R". _R
R * R' \40J\N NJ\O p
i Vegetable ofl
Oil crops Tb Pressing ——»  Ricinusfcastor, soys, sunflower ——Commerrial—» NOP's —lvwymatie—————
rapeseed :
Sugar crops ——»  Extraction —» Sucrose (C12) —h—— _ v
t ! PU
»  Polyether polyols —isocyanates 78 kton
A v

——» Sorbitol (C6) ——— . R ¥

—Commercio FOCH

Hydrogenatian _ 90 kton

P BDO{C4)
[ Via HMF— (Pl s -
s | + l |’ 20 keon
Sugars . : PR Succinic acid (u’ lsacyanate
Starch \ - gEmd  Baiidd 41 kton
| Veroceliglose » ~—»_Polyester polyols
O Adipicadd(CS)
Oxidation

. Glucaric acid (C&) »—Reduwan

- ;S Wi
. e = universite  —— AN
— “BORDEAUX AN
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ganiques

Polyurethanes: polyol

0
; /IL ou
Sugars (C6) Novomer catalyst ; } ( O’T | ) * PU
| srmance aterials o
HDJJ\I?

Epoxid -

po(s ) Acrylic acid

A i

R )

?Efrj%g; Novomer catalyst 0 0 _ /UJ\/\D’): * P U

‘ J |j Polypropiolactone
B-Propiolactone
0

= ox%0
- Succinic anhydride

l

: | l

0
0
0 1,4-butanediol Tetrahydrofuran

Succinic acid
~=) PU

: université Bordeaux INP
/® “BORDEAUX A\§
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ganiques

Polyurethanes: polyol

2Ot OH 127
1 + O
HO g~ | .
!
1 CH,

oleic acid linoleic acid
Acid catalyst
uo
HO
HO,C
HO, i
HO,C
HO, (‘ HO c
dimer acid

l(Hydrogenation)/modification

PU

e - ——— université - = : g
/ *BORDEAUX P‘“




0=C=N__ _N=C=0
sH1o
o e B L
Corynebacterium glutamicum
,:"\.('\f /" NN \/ N/ \/ \( / \,' / \”‘~,' RS \,/ \/ NN N \( '/‘\/
CAC A AR AN A SN AN NNANNN NN AN
“"Il”i‘““\lill‘ﬁ .I|‘1Iv:‘iII
| ooy oo [ )\ N R ! 4 U | | A
N NN NV \\/ \/ \(/’\/ \( / N/ \/ \/\' \ \/\/ \{/ N ‘\/\/ \(
AN ONIRENRENENINE) NGNS W \_\ /. \/\ I\
O L-lysine cadaverine
Glucosea HOMNHz —- HoN A N2
Z cadA, IdcC
NH,
2 ;5 N/
- universitf ———— —————mmmme—
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meéres Organiques

PO |Vu rEt h anes Industrial process for the
JOJ\ )oL production of Polyurethanes :
HO.__OH 4+ O=C=N__,_N=C=0 __, R R
to7N N~ O % The Isocyanate/alcohol route

Non Isocyanate PolyUrethane

- ~ - N -
Ke N/ N Ks
| I H [N
! e H

, \

| H _H Wi N ¥ , ¥ o) o) L

RO NN O R w0 Ron | ey HooH | | R o R g R + HaN N, |

| o] o] ; E supercritical i E O o : E ;

.‘ Bis-urethane/diol 02 Diazide/diol Bis-(alkyl carbonate)/diamine
Transurethanization Aziridine route Rearrangements Bis-(dialkyl carbonate) route

Poly(HydroxyUrethane)

O oo M f

C R O ERE e

i °\_2 mN NH, . i é |Phosgene- and isocyanate-free

| R R 5 io”io“o | & |Polyaddition : no by-product

i o R oJLH'R’H)fn . & |Less moisture sensitive

1 1

\ Bis-cyclic carbonate/diamine )

L. Maisonneuve, O. Lamarzelle, E. Rix, E. Grau, H. Cramail, Chemical Reviews, 2015, 115 (22),12407-12439

Nd

NdIN

NHd <
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d EE - Smart drop-ins: Bio-based derivative of “fossil” polymers

Polyurethanes: isocyanate

Objective : Design substituted fatty acid- and glycerol-based cyclic carbonates

: . o) o]
 Epichlorohydrin o ft Alcohol Mo oA
A B L P T = o _Jl _o{_RrR_oO o
Glycerol platform ? ? J<O
Glycerol Carbonate o>\\ o Acy / ‘ hlor /de> 0>L0 87RO 7 o
OH 1 \n/ \n/
o
< O}\ ’(O
Diglycerol OH OH DMC o . (0]
HO\)\/O\)\/OH _____________ > O\)\LQE\/K/O
0>\ ’(O
P T T o o)
 Thioglycerol HO/\hSH | Drene | o : S\L/RVSMK/O
L OH |
o) C 2
o Methyl acrylate o >~0 Alcohol >~° O//<o
/\W ~ >/ N oo > _R.__O

—>Tunable heteroatom nature and position nearby the CC by varying the glycerol derivative

—Ether, ester and thioether functions inserted nearby the cyclic carbonate
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meres Organiques

Reactivity of various CC towards aminolysis

R O
In situ measurements no catalyst HOM)\OJ\
NMR Tube . HoN deuterated solvent (1 mol.L" 1)
2NN~
24h, 50°C 1o 0
q. T°C, N, atm
DMSO‘d6 TCB HO OJJ\H/\/\/\
1,2
—>CC conversion calculation R
Time
h MM‘ . L Oh
h J 1l os5h
M IJU‘LMJA__M 1L 1h
A AMU_M_JJU A Uu 1l 2n
o~ }'Jl M_A_AULA_A_A_,UM i 5 3h
R h JLM&JL_A_JJM 1 an
70 65 60 55 50 45 40 35 30 25 20 15 1.0 05 v

f1 (ppm)
1H NMR (400MHz) analysis at 50°C in DMSO-d6

Lamarzelle, O.; Durand, P.-L.; Wirotius, A.-L.; Chollet, G.; Grau, E.; Cramail, H. Polym. Chem. 2016, 7, 1439-1451.



Carbonate conversion (%)

X

Scale of CC reactivity towards aminolysis T —x_ KappCoAt
- 2" kinetic order law during the first hours - k.,
o
O}io/—\ >\0
o + H)N _~_~ O\)\WO\/\/\/\/\/\
100 - \)\R 0
0O
" . o A___A Y\J\/\/\/\/\
i i v ’ © N
80 - 3
o
Yo
0\)\/0\[1/\/\/\/\/\
60 I
(o)
Yo
40 - o\)\/o\/\/\/\/\/\

“ / O\)\/S\/\/\/\/\/
[ . .
:
s : / | l ] M
0 5 10 15 20 25

Time (hours)

CC conversion in function of time (50°C, DMSO-d6, 24h, ratio amine : CC = 1:1)

Lamarzelle, O.; Durand, P.-L.; Wirotius, A.-L.; Chollet, G.; Grau, E.; Cramail, H. Polym. Chem. 2016, 7, 1439-1451.

+ Kapp
(L.molt.h1)
A
5CC-a +7
ecc +0.44
5CC-6 4+ 0.44
<+ 0.09
4 0.08
3CC +0.03

Smart drop-ins: Bio-based derivative of “fossil” polymers




>From DGDC & various DAs

Wovg/o+ W — (\(\)\,leﬁ
DGDC 6/10 DA

T, =76C T, =45C/

NP

Conversions (%) . ..o 99% / Colorless
Molar masses (g/mol)........ up to 46800/

T,s (COC) et upto18/

Tm(°C) ........................................ - / ngld Fraglle
Tass (CC)e v up to 227/

SEC analysis in DMF, with PS standards, at 50°C
DSC second heating cycle at 10°/min
TGA traces at 10°C/min

0\3\/0\/‘(//("

DMSO

H
n

| \
| L \ I
JHI_A‘/ anLMLM ‘ k.Ju “lt

|

7.5 7.0 6.5 6.0 55 5.0 45 4.0 3.5 3.0 2.5 2.0 15 1.0 0.5
f1 (ppm)

NMR spectra of DGDC monomer (up) and
DGDC based PHU (down)

Vi

R — = ——— université
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Relative scale

> Comparison with bulk polymerization in Schlenk tubes

o [o]
o [e]
J 0o Lo 4 HaN< [~ NH; >
Residual
1 monomer
|
0,5 ||
A | |
|
J \,‘
0 " - Y p—— .
700 900 1100 1300 1500 1?9/0 1900
Rentention time (sec)
-0,5
Polymerization in Schlenk tubes :
80°C - 4h /
., Reactive extrusion:

SEC analysis in DMF, 50°C, 1g/L of Libr,
conventional calibration column with PS standards

R — = ———— universiteé
/

Conversion after 4h (%)

-\u

Tube 80°C

Tube 130°C

Conversions obtained by 'THNMR analysis in DMS0O-dé at RT
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—> Biomass transformation to platform chemicals

Cellulose, Natural rubber
PE, PET

PBS, Epoxy, PU

6- New polymers from biomass

7- Conclusions and perspectives
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OH OH

L-lactic acid D-lactic acid
Condensation
and Depolymerization

o) o] o

\HI\O \‘)1\0 "0
Ojﬁ\ O\IH “, O\VHMW

o) o) o

L-lactide Meso-lactide D-lactide

Catalytic Ring-Opening
Polymerization (ROP)
(0]
(0]

High Molecular Weight PolyLactide (PLA)

e

New polymers from biomass: PLA

Microstructure control

E/ZK)O\ _)ROQTOBKFOEKI’OIO”\FO}‘H

0
(B)ko o o o o©
. > RO \/OJ\/O/U\./OJ\/O H

n
D-lactide

o} o] (0] (0]
Yol\o Ro{%O%O*{O%O}H
\3) o o o o
meso-lactide RO(J\FO/KTOJ\FOJK?O}H
\ 2 * /n

Properties control

Isotactic PLLA

Isotactic PDLA

Atactic PDLLA

Syndiotactic PDLLA

Physical properties PLLA (PDLA) Atactic PDLLA  Syndiotactic PDLLA
Tm (°C) 170-180 - 151
Tg (°C) 55-60 50-60 34
AHm (100%) (J.g1) 93 - -
— U % B - D\
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Why PLA is not
petro-sourced ?

Petro-chemical resources

I

Acetaldehyde |
HCN

catalyst OH

Lactonitrile )\CN
hydrolysis l
by H2804

O O
At

=~ "OH %OH
OH OH

Racemic DL-lactic acid

\
®
\
|

New polymers from biomass: PLA

PLLA/PDLA
stereocomplex

Endo. €«<——> Exo.

1 I I
PDLA content =
0 (%)

100

50 100 150
Temperature (°C)
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mé ganiques

..“

COo0 kgCO,e/kg

Co, absorption through photosynthesis

- ®
/E‘ 3 N‘ ﬁ :
‘ = Sugai'cane

crodle focradle

Composting Energy “ *U \

recovery ’ Lactide & :
a & PLAresin § Corn
Recycle

i
‘l

PLA appllcatuons

Purac website

@ Biobased, Compostable, Stiff

PLLA PS PET
Density (kg.m3) 1.26 1.05 1.40
Tensile strength (MPa) 59 45 57
Elastic modulus (GPa) 3.8 3.2 2.8-4.1
Elongation at break (%) 4-7 3 300
Notched 1ZOD IS (J.m™) 26 21 59
Heat deflection (°C) 55 75 67

- ———— Bordeaux INP m_
“BORDEAUX VN

|\ 4 A gl} r‘in

Packagin,
Textiles ging Pharmaceuticals

NT /7

e YR
Compostes <: /H'é Yu;y/k'( D pelivery ,JH PL

Tissue ﬂ

~ engineering Orthopaedics

Sutures

Heat stability, Low crystallization rate, Brittleness

Wy
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PLA additive: Synthesis

o HO OH

AN OH
HO)K/\/\/WOH + HO 3 o)

o
Ti(iOPr)4ﬁ

0 A0
DFAO —_— HOMO J\H

o)

(o)
o/\/\/\/\/\/

DFA0.3 ~_—————— 3 5 0.3 ° 0.7

MONV\/\/\/O
HO 0/\/\/\/\/\/0 I H
DFAO0.7 W 0 o) 0.7 0.3

mol% DFA/total M,
diacid?® (feed) (kg.moll)> PP
O DFAO 0(0) 59 2.1
DFA1 MW HO ° ]LH DFA0.3  0.40(0.3) 44 1.8
0 o DFAO0.7 0.78 (0.7) 64 2.0
DFA1 1(1) 36 2.0
(a) 1IH-NMR (b) SEC in THF, PS calibration

o Wiz
. — . = — — universite =——— = = = === — ke —
— “BORDEAUX I\Y



to imie
d me

PLA additive: Properties

2000

New polymers from biomass: PLA

ganiques

DSC - 10°C.min™*

DFAO

ﬁ

1000 -

-1000

Heat Flow (mW/g)

-2000 -

DFAO.3

DFAl

-3000

DFA0.7

Exo Up

-50

25 0 25

Temperature (°C)
\_/\/\_/—

50

75

100
Tm (°C)? AHm (J.g1)? Tg (°C)® T, (°C)°

DFAO 78.2 100.9 -48.6 338
DFAO0.3 55.2 57.7 -45.9 389
DFAO0.7 17.7 224 -49.0 399

DFA1 -5.8 16.2 - 50.0 394

(a) DSC- 10°C.mint
université —————————————— %/
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ganiques

PLA additive: Processing

Melt-blending :
Twin-screw mini-extrusion
190°C for 5 min

U

Sample preparation:
Injection molding
200°C = 50°C

10%

—— = === université e
/@ “BORDEAUX AN




to imie
d me

DMA

Heat
stability

@ 4

New polymers from biomass: PLA

ganiques

PLA additive: Mechanical Prope

rties

—— Neat PLLA

— —10% DFAQ

— - 10% DFA0.3
- — =10% DFA0.7
— - =10% DFA1

1,00E+10 3
e e 3 [
SIS EIT T [ 003
1,00E409 | : -
: 25 | 002 f
——— Neat PLLA L g
— 2 F A
© — —10% DFAQ w E
B 100E+08 } 10% = i
T - —  10% DFA0.3 5[ ©
- - —10% DFAO0.7 i
1 1 -
1,00e¢07 1 — - ~10% DFA1 ‘\ 1 -
] :
RV 0s |
N2 i
1,00E+06 o &
80 -60 40 20 O 20 40 60 80 100 120 140 160 180 -80 -60

Temperature (°C)

Tensile test

6,00E+07
6,00E+07
——PLLA
5,00E+07
— — DFAD
5,00E407 _ 40007 =~ | o
%— 3,006+07 G e i
£ ) oonior / — - DFA0.7
4,00E407 R DAL
,
t 0,00E+00
‘E * @ Strain (%) A a3
3,00E+07 | 2% T
' “}1:'_:-_-;-———7‘ ————— & '
g - B, MO gt e s
e i e = —_— -
2,00E+07
1,00E+07
0,00E+00
0 50 100 150 200 250 300 350
— Strain (%)

Brittleness

@,

-40 -20 0 20 40 60 80 100 120 140 160 180

Temperature (°C)

Impact strength

w0 . yniversite
“BORDEAUX

. test
; m PLLA
12 = DFAO
- m DFAO.3
“-‘E 10 DFAO.7
2 mDFA1
o) 8
O
~N
g 6
<
[&]
8.
2
o \eéuxlNPé
10 wt% AN
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e New polymers from biomass: PLA

PLA additive: Thermal Properties

s PUA Neat PLLA

EU‘K DFAQ ,’\—’/\\//
DSC ity 10% DFAD 04
@ DFAO.3

) )
: i |
3 200 ; 1000 4 10% DFAQ.7
[ 10% DFAO.7 iy
s =
- 10% DFA1 £ f_10% DFAL
0 «2000 4
=200 v -3000 N N +
-100 -50 0 50 100 150 200 -80 =30 20 70 120 170
ExoUp Temperature (°C) Exo Up Temperature (*C)

Isothermal crystalization

Avrami equation : Half-time of crystallization :
o a.=1—exp(k.th)
.8+ 1/n
a,: the relative crystalline volume fraction ¢ _ In2
0.6- k: rate constant of crystallization 1/2 k
> PLLA/EBH n: Avrami index
£ PLLA/EBSA
bcl-. 0.4' e
L";;‘:@ n k(min™)  ty,(min)
0.2- . PLLA 1.80 0.027 6.12
: _, it DFAO 3.53 0.021 2.70
0.0 SaEEEE P Creeew®  ® DFAO0.3 3.73 0.014 2.85 .
ST T S T i ORECOL FE. T | by T b T T 10wt%
0 100 200 300 400 500 600 700
Tizne (min) DFA0.7 3.81 0.116 1.60 -
DFA1l 4.20 0.015 2.48
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http://www.sciencedirect.com/science/article/pii/S0032386112002558#gr8

d N New polymers from biomass: PHA

ganiques
Slaughterhouses Cupriavidus necator

40 kt

One-pot biosynthesis from
biomass to polymer

Max prod. 3 g.L'1.h! Pseudomonas oleovorans Polyhydroxyalkanoates

Hs

CH, 0 (o]
|l H
O—HC—CHLC (8] H
n

Poly-3-hydroxyvalerate (PHV)
Polyhydroxybutyrate (PHB)

CH, (o] CH.CH, lo

O—HC—CHL—O0—CH—CHLC

Poly(hydroxybutyrate-co-hydroxyalkanoates (PHBV)

_ universiteé
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New polymers

Chain elongation

Acetyl-CoA

De novo fatty acid
synthesis

0] 8]

AN

R SCoA

Ketoacyl-CoA

Ketoacyl-CoA
reductase

P

T 3-Hydroxyacyl-CoA
~.. epimerase

.
-

(s
-
=
~

3-Hydroxyacyl-CoA-ACP IS
transferase

from biomass: PHA

$

l

Acyl-CoA
O
Fm.];a;m R/"\“)j\scm
P-exidation 2-trans-Enoyl-CoA
OH O
R/ﬁ\/lj\ SCoA Enoyl-CoA

(5)-3-Hydroxyacyl-CoA hydratase

I p——

a4 OH O PHA

- ———— université
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> M synthase
—P
R SCoA
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el New polymers from biomass: PHA

d me ganiques

PHA properties

PHB PHBV PHBHHx MCL-PHA
Tm (=C) 170 to 180 130to 170 95 to 150 40 to 60
R O Tg (°C) 5t05 -10to 0 3to-1 -60 to -30
O X Mw x 10° (g mol?) Up to 1500 Up to 1200 / 50 to 300
n
PHA general structure Density (g cm™?) 1.24 1.20 / 1.02
0] x =1-4
(o)
J\/lL R= Saturated, unsaturated, branched N erystallinity (%) 60 to 80 30to 80 10t0 50 Up to 30
(o) > or substituted alkyl chain
n P4HV  Tensile strength (MPa) 40 30to 40 / Upto 10
P3HB
Young's modulus (MPa) 35t04x10° 07to3x10° 500 (10%HHx) Upto 15
(0]
0 Elongation to break (%) 3to8 Up to 100 Up to 400 Up to 450
o] o 0]
n n
PHV (@) PHO
PHH n
N * Flexible
PACKAGING 3 P4HB 5 i 2
.’ FILM LJ % PBHH Gooq moisture and oxygen barriers
PVC S = Ductile
PLASTIC N P(3HB-co-4HB) ﬁ,:f:":e
BAGS L‘D & PBHH . Duc?ile ﬁ ”
LDPE »
N - . Siff ‘»
, FOOD 5 ’ ; :
g CONTAINERS CJ (—D PHBV High operating temperature
PP y . Tough
A " vl
> = Strong .
DISPOSABLE g > PHIB < - :
Tn CUTLERY Lp‘s" =) PHBV o N

= High softening temperature

N 3 * Biocompatible
g&%%‘;g [ A (" P(3HB-co-4HB) = Resorbable
PLA &= « Strong
103
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d N New polymers from biomass: PEF

aniques

Pilot scale 40 t = 90 kt by 2025

Naptha p-xylene PET mln
Tereg yene
¢ e ¢
3
- Building on existing PET know-how (& ‘
- Fitting with existing PET assets

g >->->->-> g

C6 Sugars RMF pFDCA PEF resin
(FrUCi0se) {SamethoxyiathwiFurfural) (FuranDiCarboxyicAsd (Polvethviene-Furancade ) ; ,
+ bio

-H,0 +0, MEG SYNVINA

g
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dw New polymers from biomass: PEF

ganiques

FDCA synthesis
one-pot conversion
lignocellulose :zt:;m%
' /\
Y
non-catalytic 0 0

0

oxidation 0
- N . -
Ho” { Yo wo” K T oM

LR - \ ".'
glucose fructose HMF \/ FDCA

‘ electrochemical I

oxidation

one-pot conversion
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d N New polymers from biomass: PEF

aniques

Properties
NS
FDCA
GAS BAR-
BIOBASED \./ " RIER PER-
Sustainability g . @ FORMANCE Shelf Life
100% biobased “ Q improved transfer
polymer PEE rates vs PET:
£ . CD, 6.105
- RECYCLA- . HO 3
MECHANICS BILITY o
4%
‘ SUPERIOR LY
HEAT RESISTANCE
Lightweighting 100% recyclable
60% higher
modulus vs PET
Hot Filling
12°C higher glass

transition vs PET

. université e M
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N New polymers from biomass: PEF

ganiques

PEF as a drop-in from PET bottles? No

1) PET is one of the best recycled plastic (30% worldwide)

o M |
@ Sieving @ Optical sorting @cha:cultiilng g‘
(5) washing @) Grinding

..:....:.. ..:....:.. {E:'H:EF

X &
@ Decontamination HDPE
[TIY)
sesss sesee
L A )
Hlﬂ.i‘ SIS0 BEE
FET+ PEF HOFE SOURCE: Closed Loop London

1) 100% bio-based PET is competitive in term of price
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imie
ganiques

toire | d
d meres (

= N

lFermentation

O

OH
HO

Itaconic acid 0

lPonmerization

@)
OH

*

HO

New polymers from biomass: SAP’s

-

lFermentatlon

Y

lPonmerization

/¢ \chann

L-aspartic acid

; chain\
K \:5( \\t
=¥
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New polymers from biomass: PIC

Isorbide: « regular » chemistry to transform sugar

OH OH
 HO HO OH
OH OH

Fructose D-Mannitol

OH OH HQ ';'O
id acid T
C;:Iulthe aC' 4> HO/\/H/'\O R —— 21} Isosorbide
arc H,O 5

+ H20

OH OH T2 072
H oH
Glucose D-Sorbitol H
1S w
0
1)
0"
H OH Low Birefringence
Excellent Transparency
Low Photoelasti ;
AQH 0 ' A" o i
< Retard ™ i
ET + g e 0 i /K DuURARio
o o 0O Reflux : ,& N2
- - . ’ i 5 \ \
H BH Basic Catalyst TR ¢ o <|\PMMA Surface
Resistant . / / hardness
/ (Multi-axial) / /
Isosorbide Dimethyl carbonate " \ : /
(|S) (DMC) Heat P Bio-based
sistance < C content

Flame retardance
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N Outlines
d me ganiques

1- Why ?

2- How ? —> Biomass transformation to platform chemicals

3- Bio-based plastics from natural polymers
Cellulose, Natural rubber

4- Drop-ins: Bio-based alternative to fossil-based polymers
PE, PET

5- Smart drop-ins: Bio-based derivative of “fossil” polymers
PBS, Epoxy, PU

6- New polymers from biomass
PLA, PHA, PEF

7- Conclusions and perspectives

: université e ——
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i Conclusion and perspectives

ganiques

Eucalyptus sp uce pine coconut pIm soyean rapeseed peant castor bean

\ J | }
| |

Lignocellulose Vegetable Oil

|

Carbohydrate Terpens?

= université Bordeau P
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Terpenes as a source of various backbones

N S S YN SN NN N NN
S S N X AN AN
e e e ittt
|
on i > 1000 of skeletons
COOHI
HO

: X X
COOH HO OH I
|
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1 €/kg

What can we do with a little of Hop?
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Humulene
Can be performed
= * Inbulk at RT
— * |n water dispersion
* In hop/clove oil
lROMP
o N
H "H
Tg=-32°C Tg=-48°C
1H Pd/C 1H Pd/C
H “H
Tg=-16°C

E. Grau, S. Mecklng Green Chem 2013, 15, 1112-111
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Conclusion and perspectives

Eucalyptus sprucé . ine coconut pal | soyean rapeseed peant castor bean-

\ J | }
| |

Crossing the I@m@ma\ s 111

Lignc

|

Carbohydrate Terpens

: : A
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d N Crossing the biomass
me ganiques

HYDROPHILIC HYDROPHOBIC

Wood

4 -

ITER Fatty esters

Xylo-oligosaccharides

oo 00 z—@
“0, //E xpertise Corps Gr: as\/\/WW)L
o f OCH;
J OH (0}
"o ) \M)VM/\’LLOCH3

J

. Renewable feedstock

) ~¢=- mesion | )
o . = il . Abundant
I\ & High purity (up to 99%)
; Y Polymerizable
Cosmetics Food

Emulsifiers -Foaming agents - Use as emulsifier

Solubilizers -Wetting agents B ) . { &
ad P _

Pharmaceutical \ -

Biocompatible, drug delivery

Detergents
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Crossing the biomass

HOOC

™ ? Self-assembly by direct dissolution in H,0

OH

J. Rosselgong et al. Biomacromolecules, 20(1), 118-129 (2019)
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Production capacities (million tonnes)

Bio-based polymers forecast
2023

Il Aliphatic polycarbonates (APC)

Il Cellulose acetate (CA)

I Epoxy resins

[ Ethylene propylene diene monomer rubber (EPDM)
I Poly(butylene adipate-co-terephthalate) (PBAT)

Polyamides (PA)
[ Polybutylene succinate (PBS) and copolymers
I Polyethylene (PE)
I Polyethylene furanoate (PEF)
I Polyethylene terephthalate (PET)
[0 Polyhydroxyalkanoates (PHA)
I Polylactic acid (PLA)
[ Polypropylene (PP)
[0 Polytrimethylene terephthalate (PTT)
I Polyurethanes (PUR)
Il Starch blends

Mt of polymer

R

m Other
@ Bic-based monomers
o PHA

O Bic-based Ethylens
@PLA

@ Starch plastics

3.0 4-d o Bintemend famamam |-=s==s=sssssmmmmmmam—a-=

2.5 -

2.0 -

Capacity (million tonnes per year)

2007

2009
{projection)

2013
(projection)

2020
(projection)

20

milon Va

15

U 1 1 U
2012 2013 2014 2015

Mate: Categosy "othes” includes callulose films, PTT frem bio-based 1.3-2D0, bis-based palyarsde and

PUR from ble-based palyels: satagary Blo-based monamers” indudes primariy bio-sased epichlzrahydrin

2011 2016 2017 2018 2019 2020
epoxies [l PR I ca M Pev B o7 I rer [ EPOM
PE B rss Bl Pl P2 I PHA sech [l PLA
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Thank you all' !
Questions 7?7?77

egrau@enscbp.fr
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