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’ 1. Overview on Biodegradable Polymers
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J Plastics World Production in 2016: 280 millions of tons

More than 95 % derives from petrochemistry

World Production of Biodegradable Polymers
1990 — 500 t.

2002 — 254,000 t.

2017 — 882,000 t. = | (~0.34 % of the market in 2017)

Source: ADEME (Agence De I’Environnement et de la Maitrise de I’Energie)

Context. Expected decrease of petrochemical resources, waste production

Key Challenges: Development of alternative materials from renewable
and natural resources that exhibit the essential properties of « classical »

plastics (polyolefins) and may even outperform them.

== Thus, the tremendous interest for biodegradable polymers
from renewable resources over the last 15 years



Global Production of Bioplastics

2019 2020

Bio-based/non-bicdegradable @ Biodegradable @@ Forecast @ Total capacity

i Global production capacity of bioplastics (2017)

Source: Ewropean Bloglastics move-Institute (2017).




Bioplastics production: region by region

Total:
2.05 million tonnes

® Asia
South America

® North America
Europe
Australia/Oceania

i Global production capacity by region in 2017 * Production in Australia/Oceania isa small proportion relativ to the global production capacity.

Source: Ewropean Bloglosics nove Insétute (2017).




[ Bioplastics by type of polymers}

® Other 92% 50% ——

(bio-based/
non-biodegradable) e 49°‘° PBS

PET 26.3% \ 10.3% pLA

PA 11.9%

! % Starch blends
00.:..0 :‘!I Total.

2.05 million { f15% Other
9.7% % tonnes i (biedegradable)

0.0%
L X

Bio-based/non-biodegradable
57.19%
-

: Biodegradabl
t Global production capacity 2017 by type Per

Sowrcer Ewropean Bloplagtics, aove-lnstitwe (2017).

» In 2017, only 43% of produced bioplastics are biodegradable
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A material is said to be biodegradable when it may undergo
a decomposition process yielding the formation of CO,, CH,

and H,0 and other non-toxic inorganic compounds.

Biodegradability is one of the most important parameters to characterize
the environment impact of organic products. It is directly related to the rate
of decomposition under natural biological conditions

Example: A dead tree leave is 100% biodegraded within a few weeks. In constrast,
it would take 450 years to fully degrade a « PE-made leave » under identical conditions.
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Matériau polymérs
Phase 1 apréas uupliaation ’
Détérioration Biofragmentation
physico-chimigue 1 at'ou 1
Bactéries, champignons,
mécanique (broyvage), _J— vers de terme, insactes, ...
irradiation UV, '

thermique (pasteurisation) y - g Augmentation de la surface
‘ en contact avec les

Phase 2 l microorganismes
Bioassimilation
Mé&tabolites
Digestion par micro-organisme
et enzymes
Minéralisation CO2CHy . H20

Phase 1: polymer breaking, biofragmentation
Phase 2: bioassimilation, mineralisation

Important factors impacting biodegradation
— Degree of polymerisation : a low molecular weight polymer favors biodegradation.

— Hydrophilic or hydrophobic character of the material
— The crystallinity of the polymer: the higher it is, the slower biodegradation is.
— Thickness of the material
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Definition: a thermoplastic material is characterized by elastic and flexible properties
above a glass transition temperature (T,). Above a higher temperature (Ty,), it melts.

Tg Tn
I I .
amorphous : :
brittle crystalline regions as well as liquid
Crystallinity » Strength
Amorphous » Flexibility
character

Ideal thermoplastic: low T, and high T, (large Tg-Tm region)
Example: polyethylene (PE): Tg =- 127 °C; Tm =130 °C

PLA (after extrusion): Tg = 55 °C, Tm =50 — 80 °C
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J 1) Cellulose-derived Biodegradable Polymers (BPs)
CH,0H
N e T | = 0% polyethylene e
r;ir}-.."‘-. -____.,{____"-.H”__,- - -I—‘ rmerr el paper ------------- - LUmpﬂlh]tL
T oH '| materials
| .
n | +C8§ ‘ I Q HJ
cellulose ———— CELL-0-C—g’ ——» cellulose
\ | + NaOH
, . |
g l' CELL-0-NO 1
hemicel- ™, '|I HNO, ’ ’ theamug!as!u
luloses '| 0 processing
wood = CELL-0-C—CH, | (or from solution)

3

O(C(=0)CHs),

Oon + 10— (o +10

Cellulose Alcali cellulose

=
o 4 PN
O+ o == O—4d

#anthate de cellulose
Applications: - paper, cellophane (cellulose sheets), viscose (cellulose fibers)

Limitations: - overall environmental impact similar to that of PE
- additional synthetic steps consume fossil resources
- limited biodegradability
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2) Starch-derived Biodegradable Polymers (BPs)

Spont, |
'/& - o)+ amylopectine plasticizer thermoplastic starch
OH (branched) =& glycerol water-soluble
amylose .
' biodegradable |,
starch - polyester L
T +
potatoes, peas, COMM...... blends

-0

CH,OH

FaWoWa N

CH,OH CH,OH

(o}
|

CH,OH CH,

Amylopectine

Products of current interest: Starch foam, biodegradable polyesters/starch blends.

Blends with biodegradable polyesters are completely compostable
(see the material under the tradename Mater-Bi produced by Novamont)
http://www.materbi.com/ing/html/index_home.html

Limitations: - necessity to isolate from biomass
- limited processability
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Natural Polysaccharide:

- Excellent mechanical properties
(crystallinity)

- Biodegradability and biocompatibility

- Important application in the biomedical area (implants)
- Excellent biocompatibility (better than synthetic biodegradable materials)

- Insoluble at physiological pH

Drawbacks: _ \joderate processability



~”~ [Microbially Synthesized Polyesters ]

UNIVERSITE DE STRASBOURG

PHB and PHVB

may be produced by various bacteria
by fermentation of carbohydrates
under controlled nutrition conditions

Poly(3-hydroxybutyrate (PHB)

(stereoregular isotactic
polymer)

PHVB versus PHB:
-better thermoplastic processability
and mechanical stability
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Polymerization N

éthylene Poly(éthyléne) (PE)

Numerous applications

Production of Bio-ethylene - pehydration of ethanol (from glucose fermentation)
(200,000 t in 2017): - Biosynthesis from methionine (amino acid)
O
S
ch/ \/YLOH
NH>

L-méthionine
(one of the eight amino-acids essential to mankind)
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Q OH HO  OH O O
+ /
S ) o) ocnon

acide téréphtalique

Polycondensation

éthyléne glycol

*

Bio-EG

n
Ethylene polyterephthalate (PET)

Applications: bottles, textile (Tergal), transparent films, LCD screens
Production: 26% of all bioplastics

- Use of Bio-ethylene glycol (bio-EG): from bio-ethylene

<> Summary of bio PET business <>
eeeeeee s ; _am
O Wil net contibite d <=7 Supply chain of Toyota Tsusho cC——="> A
deforestation : . g b
O will notcompete againstéoed for, . New company (GTC)7 S \/"’
reseurces . : ‘ e Apparel
™ 1.
. ‘ s &
\3 : Bio-mano ethiene | Bio-polyester '\ - lﬁ__\
Sugarcare » | Bio-efhanol Bio-ettylene, | : -
/ (bio MEG) I WoPEN /1 @ ()
‘ ) | ¢ Automofive resources
F TR SR < 3.8
- Terephthalic acid
PET botles
Brazil Taiwan Asia Japan, Eurcpe SUS
Toyota Tsusho control all production chain from ethanol to PET
and supply Bio-PET as sustainable material in the world.
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J non-renewable resources

Aliphatic Polyesters

Q Q ring-opening
oxydation O Polymerization
by a metal alkoxiae

species (M-OR)

petrochemical
origin g-caprolactone

(production of 33000 t.
in 2006) Used in blending with starch

Easy to process (low melting point)

poly(e-caprolactone)

O O
07 v o
succinic acid
polybutylenesuccinate (PBS) HO_~~"0H
Excellent mechanical properties 1,4-butanediol

Applications: films, packaging
Production: 100,000 t in 2017



Polybutylene adipate terephthalate (PBAT):
Biodegradable co-polymeric material

O
1 O
0 0.

~TN"No M ~""oT

o] - o] n
0 0
|

. e ¢+ | : OH
Monomers: 4 A-butanediol 5 O
adipic acud Fo)

dimethryl terephthalate

Polybutylene adipate terephthalate (PBAT): a co-polymer as an alternative to low-density PE
' Flexible, rigid and biodegradable material

Applications: packaging, coatings
Production in 2017: 100,000 t (5% of all bioplastics)
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- Poly(glycolic acid) (PGA)

o) O
5 Ho L,
HO H . .
glycolic acid
n
Poly(glycolic acid)
- Bio-synthesis from glucose
- Extracted from corn or sugar beets
- Poly(lactic acid) (PLA)
4 O O
H(’O\g)% \A)kOH
OH
poly(lactic) acid (PLA) (L)-lactic acid

- Bio-synthesis from glucose
- Extracted from corn or sugar beets
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PLA, PGA, PLGA
Polymers

) Biodegradable
[ Biodegradable ] | Bioassimilable I

Emvironmental Medcal
applications applicaticns
| | ] |
Packaging [ Surgery | Pharmacology
Tissue and bone Controlled release
repairing and engineering of active ingredients

Figure 2. Practical applications of the biodegradable
polyvmers based on lactic and glyveolic acids.

Present Limitations of these polymers

Their mechanical and thermal properties are not yet good enough
to replace polyolefins (« classical » plastics)
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[ The case of Poly(lactic acid)}

Industrial Production: 200,000 t. in 2017 (from lactic acid)

>

First and most important BP from renewable raw resources
to be produced on an industrial scale

Structure of commonly commercialized PLA: Highly Isotactic

e

O

T,=50t0 55 °C
Tm=162°C

Poly (L-lactic) acid

The stereoregularity of the PLA greatly improves its thermal and mechanical properties

Current Applications (other than medical): packaging, food containers, clothes
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Life-cycle of polylactide

Fermentation

Composting

PLA products

PLA pellets
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CH, separation and purification
s‘mh lactobacillus s‘
from cazymatic glucose é;.T(l—-lj'sm—_-’ HO o OH | 2LA +Ca(OH); —» Ca-lactate + 2 H,0
(from com) . drolysis 90% yield I Calactate + H;S0; —> 2LA + CaSO,
100gL” o
P wpmdlgxct 1{+)-lactic acid LA + NaOH —»= Na-lactate + H0O
(LA) electrodialysis: Na-lactate + HCl —» LA + NaCl
CHy | )
: | — Wwo o\
Ho % b H vacuum 130 °C/30h 1
'y o 110- 180 °C diphenyl ether / molecular sicves |
O n=10-70 azeotropic destillation l
$a(0,CR), i T 200 °C step-growth polymerization |
| vacuum |
|
I Lo\ it '
I ; | \ ' purification CH
P ' P e f 3 |
No | o I ™o by recrystallization sn'(OLR), | ol
0 | I* 0 ] ) * 0 \\ | or destillation - B Jn
v N ~ >99.9 % L-lactide 170 - 210 °C I
(]) '. g | ! S h——— 2t05h 0
meso-lactide o-lactide Lelactide chain-growth polymerization PLA
T 52°C Tn97°C  Tn97°C Mo, w10 3x10° g mol”
formation by partial racemization Im ~ 160 °C

Synthesis of poly(lactic acid) (PLA).

|
|
|
|
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0. 0
( sn)
o o

Sn(Oct),

Mechanism:

Sn(Oct), as ROP initiator of lactide

Industrially used for the production
Of PLA

R R O-. R H
A N T




Bioclegradation of PLA

Via Chemical hydrolysis and subsequent enzymatic chain cleavage

First stage: 2 weeks hydrolysis at 60 °C

» PLA degrades to water-soluble compounds

And lactid acid

Second stage: Enzymatic chain cleavage (several months)

» Rapid metabolisation of these products into CO,,
H,0 and biomass by a variety of microorganisms
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Stereochemistry of lactic

acid and lactide

D(R)-lactic acxd R;:H

.| L(S)-lactic acd

A (meso-lactide) R>.R;3:CH;

“

“+.| D-lactic acid + L-lactic acid
(rac-lactic acid)

R:i CH;

| DD(RR)-lactide R;.R; H

' Ry. Ry CH | ™~ D D-lactide + LL-hctide

LI(SS)-hctide Ro,RgH | ..--| (rac-lactde)
Rl,R3ICH3

DI(RS)-lactide R;.RyH

L = Levorotatory
D = Dextrorotatory
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> 4 Improvement of its properties
And access to new materials

Better Control of the Chain length and of the Stereoregularity
=> [mprove mechanical and thermal properties

= Access to potentially interesting new BPs

o o :
*D%DWG%DW’ } Tm ~ 150 to 230 °C
O 8]

Y
=

isotactic

o 2 .
The only PLA
LO._ 5 Q.= |~
- \WJI\D/S‘LW \-_/JLD/San ‘ commercially
) o - o available
0 Q2
*D\T)LD,F["\WD\?L D,!\rr,; syndiotactic
o o
i : ]
,LD\F)J\ o ,E\”,D\?,JLG ,‘S\’r,ne heferofactic
o - o
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20099, [Poly(L,L-lactide)

W Poly(meso-lactide)

8", [Poly(D,L-actide)

Oomén%'..’. Poly(L-lactide-b-
D-lactide)

Poly(L-lactide) /
Poly(D-lactide)

stereocomplexes

Some examples on effects from the
repeating units in polylactide

T

93-64 °C

40-50 °C

45-55°C

93-64 °C

65-75 °C

T

m

145-186 °C

145-186 °C

220-230 °C



