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Outline

Recover Project: short overview
Circular Economy Principles, Bio Plastic market overview,

Bio-polymers: Definition, Biobased, Biodegradable
Plastic degradation(aerobic, anaerobic):
Dependence from chemical structure, polymer characteristics

Main sustainable Polymers:
Synthetic Polymers: Poly lactic acid, Polyhydroxyalkanoates, polybutylene succinate,
Natural Polymers: Thermo plastic Starch, chitin, chitosan
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PROJECT DETAILS

48 Months

17 Partners

7 Countries (Belgium, Germany, Ireland, Italy, Portugal, Spain, United Kingdom)
5.8 Million € (ca. 4.4 M€ EC contribution)

Call: BBI-2019-SO2-R3 - Apply microorganisms and/or enzymes to
resolve end-of-life issues of plastics

Enzymes + microorganisms + insects + earthworms
Plastics for food packaging and agriculture
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PLASTIC WASTE ISSUE

6.2%
ELECTRICAL
& ELECTRONIC
_ 29.9 % 019.8 %
3.4% O AUTOMOTIVE BUILDING &
AGRICULTURE

CONSTRUCTION

4.1% O—

HOUSEHOLD,
LEISURE
& SPORTS

16.7 » 0—
OTHERS

Others includes
spphances, mechanical
engineeting, fumure,
medical efc,

PACKAGING

51.2 Mt

Total European plastics
converters demand

/ PE-LD / PE-LLD

/ PE-HD / PE-MD

Food packaging, swee! and snack Reusable bags, trays and containers, Toys, milk bottles, shampoo
wrappers, hinged caps, microwave agricultural film, food packaging botties, pipes, houseware, efc.
containers, pipes, automotive parts, film, etc.
bank notes, efc.
10% /9%

PVC PUR
Window frames, profiles, floor and Building insulation, pillows and
well covering, pipes, cable insulation, mattresses, insulating foams
garden hoses, inflatable pools, etc. for fridges, etc.
6.4%

PS / EPS

Food packaging (dairy,
fishery), building
insulation, electrical &
electronic equipment,
inner iner for fridges,
eyeglasses frames, efc

/ PET

Bottles for water, soft drinks,

juices, cleaners, efc.

Hub caps (ABS); optical fibres (PBT);
eyeglasses lanses, roofing shests (PO);
touch screens (PMMA); cable coating in
telecommunications (FTFT); and many
ofhers in aerospace, medical implants,
surgical devices, membranes, vaives &

seals, profective costings, efc.
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Protected cultivation films:
* Greenhouse and tunnel
* Low tunnel
* Mulching
* Nursery films
¢ Direct covering
¢ Covering vineyards and orchards

Nets:

* Anti-hail

* Anti-bird

* Wind breaking

+ Shading

= Nets for olives and nut picking

Piping, irrigation /drainage:
* Water reservoir

¢ Channel lining

* Irrigation tapes and pipes

* Drainage pipes

* Microimgation

¢ Drippers

Packaging:
 Fertilizer sacks
* Agrochemical cans
+ Containers
« Tanks for liquid storage
* Crates

Other:

= Silage films

* Fumigation films
* Bale twines

* Bale wraps

* Nursery pots

* Strings and ropes

A wide range of plastics are used in agriculture, including, polyolefins (polyethylenes (PE), Polypropylene (PP), Polystirene,
Ethylene-Vinyl Accetate Copolymer (EVA) and less frequently, Poly-vinyl chloride (PVC), Polycarbonate (PC) and poly-methyl-

methacrylate (PMMA).

Source: https://www.plasticseurope.org/en/about-plastics/agriculture
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https://www.plasticseurope.org/en/about-plastics/agriculture

31 % recycled

S
e

Agri-food Waste Plastics

Plastics

. |
W

Food packaging and Agriculture
consume ~44% of worldwide

production of plastics

Non-recyclable: :
Sorti Ll wissaon Incinerated
20ItINg Landfiled
— Waste multilaminated .
}Bﬂ! ‘ a—>Management i . -
- Organic fraction +plastics 3 :
Systems _ - biorecycling
gIiTi7 R Compost routes
contamination
— Solution

Released to the
environment

Polyethylenes (PE), Polystyrene - —
(PS), Polyethylenthereptalate (PET) Soil contamination




Recover solutions & innovations

Agri-food Waste

Plastics (AWPs)

Combining new
enzymes,
microorganisms,

insects &
earthworms

Products
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Offering solutions
to AWPs
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ENVIRONMENTAL
ECO-SERVICES
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® IRIS / RECOVER PROJECT
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CIRULAR ECONOMY, BIOECONMY

A SUSTAINABLE AND CIRCULAR BIOECONOMY FOR EUROPE

End poverty and hunger
in all forms and ensure
dignity and equality

LONG TERM
SUSTAINABLE
DEVELOPMENT

Protect our planet’s \3
natural resources S ROSPERITY
and climate for

future generations SUSTAINABLE Ensure prosperous
DEVELOPMENT  [Sisistii Sibebiy
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BIOECONOMY SECTORS

Employment by sector in EU27 (2021)

(number of people employed)

Forestry.
Paper
Bio-based textiles

Wood products a...

Agriculture

Food, beverage and ...

Value added by sector in EU27 (2021)
(million €)

Forestryl
Bio-based textiles

Paper

Wood products ...

Bio-based chem...

Agriculture
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Plastic materials for packaging - Recyclable

Plastic packaging is made from seven different e Less than 30% of plastic waste is collected
types and some are recycled more often .
than others for recychng
Commonly Commonly  Almost never  Sometimes
@% @% @% @% * 95% of the value of plastic packaging
SET i B HBE materials (70-105 I?llllon €) is annually lost
g @ . after a very short first use cycle
. B > i
AW e o gy
| / * Even Biobased and Compostable plastic
Commonly  Almost never ~ Almost never can be recycled
& & OH
PP PS OTHER | &,
- ;3 o /.3-'7-‘_';' 7 '
= . Sl W
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An “environmentally friend” plastic (BIOPLASTIC) is the winning alternative, being
biobased, biodegradable or recyclable

Bioeconomy overall Bioeconomy overall
€ 2.43 trillion 18.4 million
Agriculture and forestry Bio-based industries Agriculture and forestry Bio-based industries
€ 0.48 trillion € 0.78 trillion 10.0 million 3.5 million Turnover in the bioeconomy in the EU-27+U K'

2018, total: 2.43 trillion Euro

Chemicals and : Chemicals and 6%
plastic materials . plastic materials 2% 4% MW Pharmaceuticals
ot o - 0.1.million 4 m Chemicals and plastics
: M Bioenergy
Turnover Employees _
EU-27 + UK EU-27 + UK 3% MW Biofuels
2018 2018 M Paper and paper products

M Forest-based industry
Food and feed

€ 1.17 trillion

Food and feed

4.9 million M Textiles and textile produc

W Tobacco products
Beverages

M Food products

m Forestry

W Agriculture

%BIO ‘based !_nd1 l«.’ffr".ﬁ»f (<] ﬁ-lmﬂtate.eu |2

Figure 1 Overall turnover and employment of the bioeconomy and its bio-based industries
in the EU-27 (+UK) in 2018

The European bio-economy sectors are worth more than €2 trillion in annual turnover and account for

18 million jobs in the EU
(https://biconsortium.eu/sites/biconsortium.eu/files/downloads/European%20Bioeconomy%20in%20Figures%202008%20-%202018:pdf)




Bioplastic Market

Global production capacities of bioplastics

According to the latest market data compiled
by European Bioplastics in cooperation with
the nova-Institute, global bioplastics
production capacities are set to increase from
around 2.23 million tonnes in 2022 to

approximately 6.3 million tonnes in 2027.
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742 2,456
1,652
2021 2022 2023 2024 2025 2026 2027
Bio-based/non-biodegradable Biodegradable Forecast @ Total capacity

Source: European Bioplastics, nova-Institute (2022). More information: www.european-bioplastics.org/market and www.bio-based.eu/markets



BIOPLASTICS

Global production capacities of bioplastics 2022 Global production capacities of bioplastics 2027
(by material type) (by material type)
0 Other 1.1% 4.5% PBAT & Other 0.4% 1.6% PBAT

{blo-based/ (blo-basad/ PBS

ron brodogradable) 09% PBS - non biodegradabie) 0.3% &
o PE 14.8% 20.7% PLA ® e s 37.0% PLA ®
® PET 4.2% 39% PHA ® @ Fer o 89% PHA °

Total: PA 18.7%
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Global production capacities of bioplastics B I 0 P LASTI CS A P P LI CATI O N S

in 2021 (by market segment)

Packaging (flexible & rigid)
® Consumer goods

Automotive & transport

42.0 ® Building & construction

6.11 million @ Textiles
tonnes

Agriculture & horticulture
13.0 in %

® Electrics & electronics
@ Others

Source: European Bioplastics, nova-Institute (2016). More information:
www.bio-based.eu/markets and www.european-bioplastics.org/market

Bioplastics Market Share

m Cellulose acetate m Polylactic Acid (PLA)
M Extruded Starch Thermoplastic Starch/ Blends
M Polyhydroxyalkanoates (PHAs) and others

>

>

A big bioplastics market segment will be
occupied by Packaging.

Packaging industry produces large volumes
of plastic, an improper disposal causes
environmental disasters.

As a result, bioplastics in this field will be
the winning alternative since, being
biodegradable, they are characterized by a
sustainable disposal.




End-of-life options for BIOPLASTICS

— Closing the loop -

Bio-based & durable Biodegradable & compostable
plastic products plastic products

00 Bioplastics , G :
Broplastics

@ granulates e (, \
granulates y
S Bio- ——
> . a8
- Mechanical recycling Organic
recycling bin k recycling
:?: Eneegy
production

Plani ‘ Bio-gas “
YA ertilizer
_,a \ m Coliection f & K Separate
Reeycling &.' (%) by recyclers o,,)p m

collection of
plant
Biowaste treatment

biowaste
industrial compost plant

Biowaste
bin

© European Bioplastics HECE)VBR



BIOPLASTICS AND BIOPOLYMERS...
WHAT ARE THE DIFFERENCES?

The main commercially available polymers derive from fossil fuels and they are
difficult to recycle and / or reuse.

The use of biodegradable and compostable materials from renewable sources is
expected to contribute to sustainability and to reduce the environmental impact
associated with the disposal of petroleum-based polymers.

A bioplastic is a substance made from organic biomass sources.
A polymeric substance to be termed “bioplastics”, according to the European
Bioplastics Association!, must possess at least one of the following

characteristics:

»Derived partly from renewable sources.
»Being biodegradable.

RECOV3R



=0l rEllenl e e Biobased: material or product (partly) derived from biomass (plants). Bioplastic: The term bio-plastics

encompass a whole family of materials that are bio-based, biodegradable, or both.

S e BT Bioplastics: plastic that is biodegradable, has bio-based content, or both.

Trade Ao CEEUELT Bjodegradable Plastic: a plastic that undergoes biodegradation (a process in which the degradation results

Bioplastics Council

from the action of naturally-occurring micro-organisms such as bacteria, fungi, and algae) as per accepted
industry standards. As of 2008, accepted industry standard specifications are: ASTM D6400, ASTM D6868,
ASTM D7081 or EN 13432 (see Table 1.4).

Biobased content: Fraction of the carbon content that is new carbon content made up of biological
materials or agricultural resources versus fossil carbon content. Biobased content is measured following the

procedures set by ASTM D6866.

B @
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Parliament seals ban on throwaway plastics by 2021

March 2019

*Single-use plastic cutlery, cotton buds, straws and stirrers to be banned by 03.07 2021

*90% collection target for plastic bottles by 2029

*More stringent application of the “polluter pays” principle

The following products will be banned in the EU by 2021:

*Single-use plastic cutlery (forks, knives, spoons and chopsticks)

*Single-use plastic plates

*Plastic straws

*Cotton bud sticks made of plastic
*Plastic balloon sticks

*Oxo-degradable plastics and food containers and expanded polystyrene cups

New recycling target and more responsibility for producers

EU bans single use-plastics

About ten product categories will be banned, from 2021

Polystyrene food

Cutlery and drink
plates,’ containers
straws
Drink
. stirrers
Cotton
buds

Oxo-degradable

plastic carrier bags

EU found no proof they
were totally biodegradable

Source: European Commission

Member states will have to achieve a 90% collection target for plastic bottles by 2029, and plastic bottles will

have to contain at least 25% of recycled content by 2025 and 30% by 2030.

Ref: EU restrictions on certain single-use plastics, Information and resources on the new EU rules on single-use plastics
https://environment.ec.europa.eu/topics/plastics/single-use-plastics/eu-restrictions-certain-single-use-
plastics_en#:~:text=The%20EU%20is%20acting%20against,0f%20the%20EU%20Member%20States.
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Plastic Banned or under discussion

Plastic cotton swab sticks, cutlery, plates, straws, drink stirrers, and sticks for
balloons will need to be made with more sustainable materials by 2021. Single-
use plastic drink containers will be allowed only if their caps remain attached.

Plastic bottles will also need to be made of at least 30% recycled plastic by 2030.

For products without cheap and easy nonplastic alternatives, such as wet wipes
and fishing gear, the focus is on limiting use. Producers of these products will be
obliged to help cover cleanup costs and to promote awareness of litter and
waste management options.

Now the ban has passed the union level, the individual countries within the EU
have two years to transpose the legislation into their national law

https://cen.acs.org/policy/legislation-/EU-adopts-plastics-ban/97/i21

ITEM

w Balloon
: sticks
&1 1 i cutlery,

plates &
: straws

Cotton
: swab sticks

ACTION

...................................................

Drink
bottles

................................................................................

. Snack bags
: & wrappers

: Wet wipes
: & sanitary
. items

. butts

....................................................

Awareness,
: cleanup
: efforts



Understanding Biobased Carbon Content Measurement

*Biobased carbon testing is able to distinguish biobased from non-biobased products
*The terms biobased and non-biobased are applicable to carbon-containing products

*A product’s biobased carbon content is reported as a fraction of total organic carbon content (TOC) and not on its
weight according to ASTM D6866

*A product’s biobased carbon content can be reported as a fraction of total carbon content (TC) according to other
standardized methods such as ISO 16620-2 and CEN 16640.

BIOBASED — Materials that are derived in whole or in part from biomass resources are biobased. Biomass resources are
organic materials that are available on a renewable or recurring basis such as crop residues, wood residues, grasses, and
aquatic plants. Corn ethanol is a well-known example of a biobased material derived from biomass resources.

BIOBASED PRODUCT — Any product that contains some amount of biobased material within it is technically a biobased
product. The term is typically applied only to materials containing carbon.

NON-BIOBASED PRODUCT — Any product that does not contain any biobased materials in it is a non-biobased product, but
the term is typically applied only to materials containing carbon. Products made entirely from petrochemical resources are
referred to as non-biobased products. Glass, however, is not generally referred to as non-biobased material since it n’t
contain any carbon. %

RECOV3R



BIOBASED POLYMERS o

) From From
From biomass ) ) )
microorganisms biotechnology

PHA < Polyactides
Protein Lipids ‘ Polysaccharide PHB POlyacticacid

Gelatin/Collagen Triglycerides Starch
Casein Crosslinked triglycerides TToSE

Rape seed oil
Soy bean oil

Feathermeal
Zein

Soy
Gluten meal
Peanets

Figure 1. Different classes of polymers which are biobased and biodegradable (therefore not including biodegradable plas-
tics from petrochemical resources and non biodegradable partly or fully biosourced plastics)

- From natural bio-based polymers (starch, cellulose, hemicellulose, chitosan, proteins, and their derivatives by chemical

modification) pectin, alginate,

-Production of bio-based monomers by fermentation/conventional chemistry followed by polymerization (polylactic acid,

-Production of bio-based polymers by bacteria (polyhydroxyalkanoates). 3ECOVSR

polybutylene succinate, polyethylene)




BIOBASED LOGOS

Q
20% < Biobased < 40%

In the context of the “Lead Market Initiative for
Europe” the European Commission created the
Mandate M/429 addressed to the European
Standardization bodies (CEN, CENELEC and ETSI)
for the development of horizontal European
standards for bio-based products. CEN initiated
a new Technical Committee CEN/TC411 on “Bio-
based products”, which started working in the
beginning of October 2011.

The main active institutes in this field are
Vincotte (Belgium) and Din Certco (Germany).
They both have a ranking system based on the
bio-based carbon content

Label

One star

40% < Biobased < 60%
Two star

X ok

60% < Biobased < 80%

Three stars* *
Four stars * * * *

Biobased > 80%

R
s K K
e sk
oursan X & % %

b)

7

VINCOTTE

between
20 and 40 %
Biobased

between
40 and 60 %
Biobased

between
60 and 80 %
Biobased

more than 80 %

Biobased

http://www.dincertco.de.

http://www.okcompost.be

NFRRTS

( 4

FP

USDA

CERTIFIED
BIOBASED
PRODUCT

PRODUCT 57%

European Commission, “Mandate addressed to CEN, CENELEC and ETSI for the elaboration of a standardisation programme for bio-based products”, M/429.
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http://www.dincertco.de/
http://www.okcompost.be/

8C084/8C085

BPle

Biobased / Biodegradable LOGOS

& N <)

AB| (&= v

INFRRTS ——
chorire o |Gmaeniia VINCOTTE
8C083 No.299/No.300 : — -

COMPOSTABLE

IN INDUSTRIAL FACILITIES

Check locally, as these do not exist in many
communities. Not suitable for backyard
composting. CERT # 10528580

cecyelab,
OK compost v

S534

certified at WMU A

RECOV3R



Many times the bioplastic and biopolymer terms are used as synonyms but the two terms are not equivalent:
» The term Biopolymer is referred to a biodegradable polymer produced from renewable sources.

» The term bioplastics is referred to a biodegradable polymer not necessarily derived form renewable
sources.

Biobased

Bioplastics Blolte
e.g. biobased PE, 2 i s ans v PLA (pOIVIaCtiC aCid)
PET. PA, PTT PBS, Starch blends
Non ‘/ PHAS
) E  ETEETTPPETTPPEPPRRRPRREEEEEEEESERS e R Biodegradable
biodegradable :

: (polyhydroxyalkanoates)
Conventional : Bioplastics
plastics :

e.g. PBAT, PCL

v PBS (Polybutylene Succinate)

e.g. PE; PP, PET

v Starch

JECOV3R
Fossil-based



Global production capacities of bioplastics 2022 (by market segment)

8OO

695.6

600
400
200
1333
57.7
I IIII

” ’ S
fg fﬁﬁ&&*fﬁfﬁﬁ@ﬁ &

in 1,000 tonnes

&
Bin-based/non-biodegradable ® PET Biodegradable EBAT /
® PFE ® PBS
® PaA ® PLA
® rr ® PHA
® FTT @ Starch blends
o others ® Celluloss films
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BIODEGRADABILITY

Biobased” is different from “biodegradable”

The property of biodegradation does not depend on the resource basis of a material but is rather
linked to its chemical structure. 100% biobased plastics may be non-biodegradable, and 100%
fossil based plastics can biodegrade

Biodegradation is a chemical process during which microorganisms convert materials into natural
substances such as water, CO,, compost.

The process of biodegradation depends on the surrounding environmental conditions (e.g.
location or temperature), on the material and on the application.

Macroscopically, degradation occurs through changes and deterioration of the key materials

properties (cracking, breakage, fragmentation). These changes are mainly due to the shrinkage of
polymer chains

3ECOV3SR



BIODEGRADABILITY

- Aerobic
Hydrocarbon Polymer + O, = CO, + H,O + biomass + residue
- Anaerobic

Hydrocarbon Polymer = CH, + CO, + H,0 + biomass + residue

CO, from sample — CO, from blank

Mi o 04) = 100 -
ineralization (%) = 100 Th CO,

RECOV3R



LGHT
TEMPERATURE  "VATER

AEROBIC / \ ANAEROBIC

s B o aee o Do ool 20wl
A .i;?»;‘:f e .*lz’":.v:

o
naallh CO:  H:O

other

CH
BIOMASS HEAT gases ;

BIOMASS HEAT

RECOV3R



BIODEGRADABILITY FACTORS

Chemical Structure: A polymer with a more complex chemical structure (for example lignin has a lot of
aromatics group and ramification point) biodegrades slowly.

@”O) Functional Groups: Esters, amines and urethane bonds are more hydrophilic, hence more hydrolysable
and more degradable.

Segmental Mobility: Polymers with high flexibility degree are easily degraded. Examples are PBA
(polybutylenadipate) and PBS (polybutylensuccinate)

Molecular Weight: A high molecular weight is detrimental for the degradation.

Surface Features: If polymer surface is irregular and porous, the polymer is more susceptible to
microbial attack and sensible to degradation

Crystallinity: If the polymeric chains are arranged in an orderly manner (more crystalline polymers) the
degradation process is hindered.

0

HO\H/\/\)J\OH

0
Adipic acid
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Normative, regulations

EN 13431:2000 - Packaging. Requirements for Packaging Recoverable in the Form of Energy
Recovery Including Specification of Minimum Inferior Calorific Value.

EN 13432:2000 - Packaging. Requirements for Packaging Recoverable Through Composting and
Biodegradation. Test Scheme and Evaluation Criteria for the Final Acceptance of Packaging.

CR 13695-1 - Packaging. Requirements for Measuring and Verifying the Four Heavy Metals (Cr,
Rd, Hg, Pb) and Their Release into the Environment, and Other Dangerous Substances Present
in Packaging.

EN 13427:2000 - Packaging. Requirements for the Use of European Standards in the Field of
Packaging Waste (“Umbrella Norm”).

EN 13428:2000 - Packaging. Requirements Specific to Manufacturing and Composition.
Prevention by Source Reduction.
EN 13429:2000 - Packaging. Reuse
EN 13430:2000 - Packaging. Requirements for Packaging Recoverable by Material Recycling.(l

RECOV3R




COMPOSTING

Composting can reduce the volume of organic waste quite significantly, while the compost produced
can be used for agricultural and horticultural purposes.

About 50% of all domestic waste comprises organic material, a percentage that is set to grow in the
future owing to the growing popularity of biodegradable products (packaging material, disposable

cutlery and plates

Products featuring the "OK compost
INDUSTRIAL" label are guaranteed
as biodegradable in an industrial
composting plant.

This applies to all components, inks
and additives.

General characterization:

dry matter, volatile solids, organic
carbon contents are required and
the quantification of the actual
thickness of the material/packaging.

AGGRESSIVENESS OF

BIODEGRADATION

+ High temperature  Bacteria & fungi
COMPOST

Low temperature  Bacteria & fungi

SOIL

Low temperature Bacteria

FRESH WATER

Low temperature  Diluted bacteria

MARINE WATER

Low levels of heavy metals concentrations, in particular for Arsenic, Cadmium, Chrome, per,
Mercury, Molybdenum, Nickel, Lead, Selenium and Zinc, and Fluorine content have to comﬂy ith
specified limit values defined by EN 13432,

3ECOV3SR




EN 13423-2000

The reference point for the certification programme is the harmonised EN 13432-2000
standard “Packaging—Requirements for packaging recoverable through composting and
biodegradation—Test scheme and evaluation criteria for the final acceptance of packaging”.

Characterization, biodegradability,
disintegration, and compost
quality/ecotoxicity.

For the compost quality or ecotoxicity test,
physical and chemical parameters such as
density, total dry and volatile solids, salt
content, and pH, have to be determined to
show that the tested packaging does or
does not have negative effects on the
compost quality.

Only the plant growth test, based on OECD
208 guideline, is included in EN 13432-
2000 for ecotoxicity.

The results (germination numbers and
plant biomass growth) of the compost with
the tested material and the blank compost
are compared.

Chemical characteristics

Ecotoxicity

Compostability

*‘\

Biodegradation

Disintegration

&
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EN 13423-2000

A product can be defined as compostable as required by EN 13432 (2000) if it respects specific
characteristics:

- The product must contain at least 50% organic matter and may not exceed the heavy metal
limits specified in the standard.

- The products should mineralize for at least 90% within 6 months under controlled
composting conditions, where mineralization is defined as the conversion of the organic C to
CO, and biomass, this characteristic is linked to the chemical composition of the sample.

BIODEGRADATION = MINERALISATION

POLYMERS

’_L_| > OLIGOMERS

&> MONOMERS
u> BIOCHEMICALS (alcohols, acids) (' ;!

|
L= > MINERALS (CO,, H,0, CH,) 3ECOV3R



EN 13423-2000

The product, in the form which enters the market, should, within a timeframe of 12 weeks,
fragment in parts smaller than 2 mm under controlled composting conditions. It has to be
outlined that this requirement refers to the physical form of the product instead of to the
chemical composition. These characteristics are connected mostly to the thickness and the
physical construction (e.g. laminate, coating, etc.) of the sample, and can result tricky to be

met also for packaging based on biodegradable materials. The mass of residues above 2 mm
must be less than 10% of the original mass.

Packaging Azmipasls Volatile solids

- Thickness and Fluorine °
Composition concentrations (>50%)

The compost obtained at the end of
the composting trial, that can also Biodegradability compenents D
contain some no degraded residuals
from the product, must not have any < 10%
. . . Disintegration
negative effects to the germination above 2 mm

and growth of plants
Chemical-physical
‘ composition (pH, Heavy metals Phytotoxicity
Volatile solids, C concentrations tests
org, N, ...) )




Certification, Logos

In Europe there are several certification logos used by institutes for industrial compost-
ability. One of them is the ‘Seedling’ logo of European Bioplastics, issued by the
certification institutes of Din Certco (Germany) and the Ok Compost of Vincgotte (Belgium)

(% C%Po@sl %? éir

y oo g

e Ind
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Certification, Logos

Concerning home compostability there is currently no international norm in place which
defines the criteria to be adopted. Organizations which have defined criteria for home

compostability include:

Vincotte (Belgium) with the OK Compost Home programme

Biodegradation shall be tested at ambient temperature
! ! ! ! ! ! (between 20°C and 30°C).
The temperature must be kept below 30°C for the duration of
OK compost th test

" The required percentage of biodegradation is exactly the same
, >~ VINCOTTE

as specified in EN 13432 namely absolute or relative 90 %.

The period of application for the biodegradation test ified

in the test methods shall be maximum of 12 months

RECOV3R



MAIN BIOBASED BIODEGRADABLE POLYMERS

RECYCLABLE

BIODEGRADABLE ‘
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PHYSICAL PARAMETERS

A polymer is formed by long molecular chains; the arrangement
of these chains influences the morphology and the mechanical
properties of the polymer.

A completely casually and disordered arrangement of the
polymer chains is related to an amorphous polymer. However,
there are micro volumes within which macromolecules have a
certain order like crystals; these micro volumes, named
crystallites, are dispersed in an amorphous matrix (semi
crystalline polymers).

When an amorphous polymer is stretched, the molecules may
be preferentially aligned along the stretch direction giving to
the final material isotropic mechanical properties.

Many polymers crystallize if they are cooled from melt. In this
case we may say that they are crystalline but unoriented in the
macroscopic sense.

Increasing the crystallinity increases the mechanical strength,
the temperature of use and the density of the polymer.

Schematic  diagrams of (a)
unoriented amorphous polymer
and (b) oriented amorphous
polymer (From: An Introduction to
the mechanical properties of solid
polymers / I. M. Ward and J.
Sweeney. —2nd ed.

3EC
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In summary: for a polymer to crystallize the molecule must have a regular structure

v

Some amorphous polymers are similar to glass; they are transparent and relatively fragile (glassy
state). With heating, going from the glassy state to the rubbery state is called a glass transition.

v

The main physical parameters that affect the mechanical and morphological
characteristics of a polymer are those related to the achievement of particular
characteristics temperatures. For example to crystallize a polymer, the temperature
must be kept below the crystal melting point and sufficient time must be given for the
long molecules to arrange in order in the solid state.

2

The temperatures that characterizes a polymer are:
» Glass Transition Temperature (T,)
» Melting Temperature (T,,)

» Crystallization Temperature (T.) q!%m



# PLA

» PLA (Poly Lactic Acid) bioplastics are being used in a
broad range of markets and applications. Is
extremely versatile: it can be injection molded into
plastic parts; extruded into sheet or film; foamed;
thermoformed into packaging items.

» PLA 2003D and PLA4032D (with around 3% of D-
units) are commercially used. The 2003D is used
principally for injection molding and thermoforming
whereas the 4032D for films.

» PLA main producers are:

» Total® / Corbion®
» NatureWorks®

Sulzer

o ToTAaL ‘ Q Corbion
The cost of PLA

isaround 2.2 —

® NatureWorks 3.4 €/Kg

SULZER

» Imperial Chemical Industries

» BP r; : Ibp

» Biomer

# PHAs

PHAs can be incorporated into packaging
components such as coatings, laminations
and biodegradable printing inks.
Additionally, PHA structures can include
rigid thermoplastics, thermoplastic
elastomers and grades useful in waxes,
adhesives and binders. The cost is around
7-15 €/Kg.

PHAs main producers are:

biodegradable polymers

» Kaneka

BIOMER Y
o g

The cost of
PHA is around
7-15 €/Kg
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POLYLACTICACID (PLA)

» Poly(lactic acid) (PLA) is a biodegradable and biobased thermoplastic aliphatic polyester with some
properties similar to polyethylene (PE), polypropylene (PP) and polystyrene (PS).

» It derives from renewable resources such as corn starch (in the United States and Canada), tapioca
roots, chips (mostly in Asia), or sugarcane (in the rest of the world).

» Polylactic Acid (PLA) Market. The global polylactic acid (PLA) market was valued at USD 1.5 billion in
2023 and is projected to reach USD 3.3 billion by 2028, growing at 17.1% CAGR from 2023 to 2028

Monomeric Unit

PLA MARKET Global Polylactic Acid Market

GLOBAL FORECASTTO 2028 (USD BILLION) S B S ot T — C H 3 0
| | 1
~ . \ —0-C—C
Pv s _s_ @ $713.2M |
CAGR OF 2023

The global PLA market is
expected to be worth USD
3.3 Billion by 2028, growing
at a CAGR of 17.1% during @ Packaging Textile Automotive & Transportation Agriculture
the forecast period. Others
2022 203 2028
@North America = Europe AsiaPacic  wMOdeEastAlica = South Amenca

@ Electronics @ Consumer Goods @ Bio-medical
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POLYLACTIC ACID (PLA)

The Polylactic Acid Market is projected to reach USD 1.9 billion by 2026, at a CAGR of 12.2%.

(Compound Annual Growth Rate, CAGR)

Attractive Opportunities in the PLA Market

5

The market in Asia Pacific

IS expected to witness high

growth during the forecast i
pernod due to the %
increasing applications of a
PLA in the packaging

industry.

o 9
ECHES

; CAGR
12.2% cacrot 12.2%.

1.0 155 onuon 1.9
——— )

The giobal PLA market size is estimated to grow from USD

SD BILLION
49 ' ‘

1.0 billion in 2021 to reach USD 1.9 billion by 2026. at a

[] The market growth is attributed
to the rising demand from the E@
packaging industry in emerging

economies such as India
and China.

COVID-19 is expected to have an
impact on the marketdue to
disruptions in various end-use

industries and supply chains.

Note: e-estimated p-projected.
Source: Expert Interviews, Secondary Sources, and MarketsandMarkets Analysis

Acquisitions and product
launches are expected 1o offer
lucrative opportunities for the
market players durnng the next
five years.

Emerging economies offer
significant market potential
for PLA products.
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PLA bioplastics:

applications & markets
S —

Automotive

For interiors &
under-the-hood parts.

» High heat resistance
» Durable
» Hydrolytic stability

Consumer goods

Sunglasses, serviceware,
toys.

» High heat resistance

» Excellent surface
appearance

» Durable

» Good impact resistance

Consumer electronics

Injection molded casings &
housings.

» High heat resistance

» Excellent surface
appearance

» Durable

» Good impact resistance

Packaging & disposables

Yoghurt pots, coffee cups &
lids, disposable serviceware.

» Transparent
» Compostable
» Biobased & recyclable

Building & construction

Foam for insulation, fibers
for carpets & furnishings.

» High heat resistance
» Durable
» Weavable

Sportswear & goods

Fibers for apparel, foam for
surfboards & helmets,
molded parts for
equipment.

» High heat resistance
» Good breathability

» Soft & tactile feel

» Washable & durable

The basic building block of PLA is the lactic acid
(LA).

It is a simple chiral molecule which exists as two
enantiomers, L- and D-lactic acid, optically
active.

To produce PLA are using renewable resources
like :

Corn starch, sugar cane, sugar beets, wheat.

2.2 kg of corn are needed to produce 1 kg PLA

f
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POLY LACTIC ACID (PLA)

PLA is a highly transparent and rigid material with a relatively low crystallization rate that makes it a promising candidate for
the fabrication of biaxially oriented films, thermoformed containers and stretch-blown bottles

The building block of PLA is lactic acid (2-hydroxypropionic acid) which can exist as optically active D- or L-enantiomers

The range of application of PLA is severely limited because of glass transition temperature (around 55-60°C) thus research
was focused on the study of PLA crystallization kinetics, Tm is usually about 170 °C

PLA possesses high strength, good crease-retention, grease and oil resistance and excellent aroma barrier properties.
Additionally, the decomposition of PLA occurs by hydrolysis, followed by biodegradation via bacteria. Major limitations of PLA
are due to its high brittleness, low toughness and low tensile elongation.

Mechanical parameters indicated that PLA is a brittle material (tensile strength = 32 MPa) with high Young modulus (2.3 GPa)
and low percentage elongation of break (EB) (5%).

At temperature higher than glass transition only the PLA crystalline phase can confer useful mechanical
properties. Increasing the crystallization speed of PLA is thus desired

0
HO HO )L
Lactic acid is optically active and thus it has a L or D form. ‘-,_)J\DH V" on
The maximum attainable crystallinity level is obtained by minimizing the 1""’/H A “CH,
. . . . H;C i
amount of the other lactide and mesolactide in the lactide used as the |
D-lactic acid L-lactic acid

major monometr.

Figure 1 Stereoisomers of lactic acid.



POLY LACTIC ACID (PLA)

For semi-crystalline PLA, the Tm is a function of the different processing
parameters and the initial PLA structure.

Tm increases with the molecular weight (Mw) until a maximum value.
Besides, the crystallinity decreases with increasing Mw.

Tg is also determined by the proportion of the different types of lactide.

Tm depends on the presence of meso-lactide in the structure which
produces a Tm reduction.

Molecular

C3Hg03
o formula

Molar mass

O H Density

90.08 g/mol

1.209 g/mL

(a)

Property L-PLA DL-PLA
Glass Transition Temperature (Tg} 60 — 65 °C 50—-60°C
Melting Point (Tm) 184 °C Amarphous
Specific Gravity 1.24 1.25
Tensile Strength (MPa) 55.2 -82.7 276—-41.4
Elongation (%) 5—-10 3-10
Modulus (MPa) 2758 —4137 13792758
Inherent viscosity (dl/g) 090-1.2 0.55-0.75

HsC 0

0 “cH,

\‘)L Cuy, 0 o] HsC 0 0
L:53°C o
o H Melting point D:53°C
L-Lactic Acid D/L: 16.8 °C
—— "y
Boiling point 122 °C at 15 mmHg "".."'I.r
0 0 ’CH, 0 0 CH,

(b)

Fig. 4 Chemical structures of dimeric (a) o-lactide, (b) L-actide and (c) meso-lactide.




POLY LACTIC ACID

Lactic acid is a chiral molecule existing as two stereoisomers, .- and o-lactic acid which can be produced by different ways, i.e.,
biologically or chemically
Synthesized

Biologically

lactic acid is obtained by fermentation of carbohydrates by lactic bacteria belonging mainly to the genus Lactobacillus, or
fungi.

This fermentative process requires a bacterial strain but also a carbon source (carbohydrates), a nitrogen source (yeast
extract, peptides...), and mineral elements to allow the growth of bacteria and the production of lactic acid. The lactic acid as-
formed exists almost exclusively as L-lactic acid and leads to poly(L-lactic acid) (PLLA) with low molecular weight by
polycondensation reaction

Chemically
the chemical process could lead to various ratio of L- and D-lactic acid. The chemical reactions, leading to the formation of a

cyclic dimer, the lactide, as an intermediate step to the production of PLA, could lead to long macromolecular chains with L-
and D-lactic acid monomers.

2
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SINTHESYS OF POLYLACTIC ACID (PLA)

CHy o] O,
0 I OH
M n, \ e y
AV NN (
HO s Y Jlo |
; 0

: + Chain
D CH .
’ Coupling
Condensation r agents
. Azeotropic cH. [ . CH
" oH dehydrative o i 0 o
/ \/ condensation PN ANV N h/ High Molecular Weight PLA
HO > HO L 4 o
0 o CH. 0
J _ Ring Open
Condensation Polymerization
The ratio of D- and L-lactide
CH, o] CH, L determines  the degree of
0 i oH Depolymerization 0 o .
/ \ / — Ho_ || HO | crystallinity of the polymer.
HO g -7 0 g neo " HC” 7, on Is possible to obtain either a totally
CH, - amorphous PLA than a polymer
Low Molecular Lactide - with more than 40% of crystallinity.
Weight PLA (It’s chiral, it can be L or D)
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Production of PLA

There are two methods for manufacturing polylactic acid from lactic acid: the first method uses
the cyclic lactic acid dimer called lactide as an intermediate stage; the second method is direct
polymerization of lactic acid.

The method using the lactide intermediary yields polylactic acid with greater molecular weight.

chf, HaC 0 0 HaC
O H3
Condensation O
”"CH 0 0 CHs o ”’CH

Fig. 4 Chemical structures of dimeric (a) o-lactide, (b) i-lactide and (c) meso-lactide.

H o N\

L-lactic acid Direct 0
polymerization CH3

Ring-opening Lactide
pody merization

- CH3 ™
7
H—F 0—-—C— C 1T0OH
I |
- H O Jn (l ;—

PLA RECOV3R



Cargill Dow LLC has developed a patented, low-cost continuous process for the production of lactic acid-based
polymers

The process combines the substantial environmental and economic benefits of synthesizing both lactide and PLA in the
melt rather than in solution and, for the first time, provided a commercially viable biodegradable commodity polymer
made from renewable resources.

The process starts with lactic acid produced by fermentation of dextrose, followed by a continuous condensation reaction
of aqueous lactic acid to produce low molecular weight PLA prepolymer.

o *FD 0
| o] A
HOH_/fLH - ’& H}f .ﬁ
. OH o n
/- -— H CH,
H CH, =
‘R o _ - L-PLA
o N L H
L-Lactic acid | T P 4
o O CH,
H0 %/~ O
d T
@]
L-Lactide

The low molecular weight oligomers are converted into a mixture of lactide stereocisomers using a catalyst to enhance the
rate and selectivity of the intramolecular cyclization reaction.
The molten lactide mixture is then purified by vacuum distillation.

F.
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J\[/OH i
o} o n 5

Lactic acid
actic aci High molecular weight PLA
Condensation
“Ho0 Ring-opening
polymerization
- o)
0 - \H\
e o
HO OH N
o) Depolymerization OT)‘H
0 —-n O
o)
Prepolymer
M, ~ 5000
FIGURE 16.2

Schematic of PLA production via prepolymer and lactide.

Fermentation ,—L

¥ Lactic
e —’[ Prepolymer

;..T—/

1_?{

Dextrose  jconverted
monomer

Com PLA

=

FIGURE 16.3
Nonsolvent process to prepare polylactic acid.

s =8 |

Finally, PLA high polymer is produced using an organo tin-catalyzed, ring-opening lactide polymerization in the melt,
completely eliminating the use of costly and environmentally unfriendly solvents.

After the polymerization is complete, any remaining monomer is removed under vacuum and recycled to the beginning of

the process

1
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Properties of Extrusion/Thermoforming and Injection Molding Grades of
NatureWorks PLA

PLA Polymer ASTM PLA Polymer ASTM
2000D? Method 3010D" Method
Physical Property

Specific gravity (g/cc) 1.25 D792 1.21 D792

Melt index, g/10 min 4 8B D1238 1030 D1238

(190°C/2.16 kg)

Clarity Transparent Transparent

Mechanical Properties

Tensile strength at break, 7,700 (53) D882 7,000 (48) D638
psi (MPa)

Tensile yield strength, 8,700 (60) D882
psi (MPa)

Tensile modulus, 500 (3.5) D882
kpsi (GFPa)

Tensile elongation (%) 6.0 D882 2.5 D638

Notched izod impact, 0.24 (0.33) D256 0.3 (0.16) D256
ft-Ib /in (J/m)

Flexural strength, 12,000 (83) D790
psi (MPa)

Flexural modulus, 555 (3.8) D790
kpsi (GPa)

® 2000D is a product of Cargill Dow LLC designed as an extrusion/thermoforming grade;
properties typical of extruded sheet.
b 3010D is a product of Cargill Dow LLC designed as an injection molding grade; properties

typical of injection molded tensile bars.
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Table 2 Potential food application of PLA based packaging materials.

] ) Commercial Table 3 Comparison of thermal properties (heating rate 10°C/min) of PLA and synthetic
Type of food Film properties manufacturer polymers.*
Bottled water Moisture, light and gas barrier Biota™ N . .
Bottled juice Moisture, light and gas barrier, inert to Naoble™ Sample My > 107 T, 0 T (°C) T. (°C)
ik M;‘:ﬂ'fﬂfﬁ“ﬁf‘gif ﬁ;’fﬂs . Polyethylene terephthalate (PET) 100 90.5 257.7 216.6
) i) T F 1 N s
Yoghurt Mechanical strength, barrier of oxygen, Dannon™ PD]}IEIEE]EDE . 10: 98.8 6.7
carbon dioxide, moisture and grease Polystyrene (atactic) » 98.5
Cheese Moisture, light and gas barrier PLA (L-form) 150 66.9 179.8 B
Mushroom Mechanical strength, balanced gas and R -
moisture barrier; protection against Authors unpublished data.

crushing/bruising

Table 4 Comparison of water vapor and oxygen transmission rate of PLA and synthetic polymers.*

Permeability Permeability
Thickness WVTR coefficients OTR coefficients

Sample (mm) le(m?/d)] [kg/m/(m?/s/Pa)] [ec(m?/d)] [kg/m/(m?/s/Pa)]
PET 18 348 2.82x10-1° 044 6.95x10-"
PS 18 5.18 4.18x10-1° 531.58 3.91x10-"7
PLA 20 15.30 1.34x 1014 56.33 433x 1018

Table 6 Characteristics of typical bioresorbable PLA based polymers.

Modulas Degradation

Polymer Ty (°C) T, (*C) (GPa) time (months)
Poly(lactic acid) (L-form) 173178 6065 2.7 =24
Poly(lactic acid) (DL-form) Amorphous 55-60 1.9 12-16
Poly(DL lactic acid-co-glycolic acid) (75/235) Amorphous 0-55 2.0 4-5

Poly(DL lactic acid-co-glycolic acid) (50/50) Amorphous 45-50 2.0 1-2




PLA can be plasticized using oligomeric lactic acid (o-LA)

Citrate ester

HO.| ] OH
H?vfffhahcrf:thvff
Low molecular weight polyethylene glycol (PEG)

Epoxidized soybean oil
The effect of plasticization increases the chain mobility and then favors the PLA organization and

crystallization. After plasticization, a crystallinity ranging between 20 and 30 % is obtained.

PLA presents a medium water and oxygen permeability level comparable to polystyrene. These
different properties associated with its tunability and its availability favor its actual developments in
different packaging applications (trays, cups, bottles, films...)

Regarding biodegradation in compost, adequate conditions are only found in industrial units with a
high temperature (above 50 °C) and a high relative humidity (RH%) to promote chain hydrolysis.

12
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Table 1 Mechanical and thermal performance of PLA plasticized with different modifiers

Modifiers My (g mol™") Cone. (wt%) T, (°C) E" (MPa) & (%) o (MPa)
PLA" 137 000 100 59 1720 7 51.7
Triethyl citrate™ 276 20 32.6 382 12.6
Tributyl citrate™ 360 20 17.6 350 7.1
Acetyl triethyl citrate™ 318 20 30 320 9.6
Acetyl tributyl citrate™ 402 20 17 420 9.2
Poly(oxyethylene)” 10 000 21 31 320 7 49
Poly(e-caprolactone)™ 10 000 20 35 961 25 19
Glycerol™ 92.09 20 53 — —
PEG monolaurate™ 400 20 21 142 —
Plasticized TPS™ — 25 — 2.9 30.2
PEG"™ 1500 10 34.3 1750 150 15.1
PEG® 1500 20 23.2 1460 150 14.6

“ Tensile modulus (E), tensile stress at yield (¢), and elongation at break (¢).

CHs CHs (lj
0 o 0 O+ 0O h A
o) — -n
o 0 OJJ\CHg
N NN PCL (Poly caprolactone)
O
TriButylCitrate
H4C ATBC Acetyl TriButylCitrate '
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Melt-compounding of biodegradable polymer blends based on commercial aliphatic polyesters such as poly (lactic acid)
(PLA), poly(e-polycaprolactone) (PCL), poly(3-hydroxybutyrate) (PHB), poly(butylene-adipate- co-terephtalate) (PBAT),
poly(butylene succinate) (PBS), and also thermoplastic starch (TPS) or natural rubber (NR), gained much attention from
researchers, which is related to their relatively easy processing, suitable usage properties and good quality/ price ratio of the

final products.

a: PLA

b: peAT

I|:]| ||:]| I|:|] — o0
f \ / \ [en ) B
OH- O—CHz—5-0 CH,f;——0—{CHy;—0H
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PLA is biodegraded in Industrial Composting 58 °C, 50% RH
PLA degradability is driven by the hydrolysis and cleavage of the ester

linkages in the polymer backbone ¥ E

g p y /\EI, Q‘L )r\gl,':] \E/ﬁ\g poly
Under conditions of high temperature and high humidity, as in active ‘j -
compost, for example, PLA will degrade quickly and disintegrate within
weeks to months. B

: . .. : L Hj 0 C H
The primary mechanism of degradation is hydrolysis, followed by r T \j\@
bacterial attack on the fragmented residues. Ho /\!l’ f‘JL“ n N = poly

QH . H O H CH;

The environmental degradation of PLA occurs by a two-step process. ﬂ
During the initial phases of degradation, the high molecular weight C .
polyester chains hydrolyze to lower molecular weight oligomers. : g H a\,iLD )
The rate of hydrolysis is accelerated by acids or bases and is dependent on Hﬂ/\g’ n ~H ' 2 . Y

moisture content and temperature.
Scheme 1 PLA hydrolysis and molecular weight

Molecular Rate of MW  Weight Hydrolysis  Degradation 1[}55
Stage Weight Decrease Loss Reaction Mechanism
Firststage  High qj;t;ﬁ;; Ly ome Nonenzymatic Bulk Article dimensions, crystallinity, and blends will affect the rate
Critical (M, 10,000 of degradation.
—20,000) Onset . . . .
Second stage Low Rapid Rapid  Nonenzymatic  Bulk and PLA prOdUCtS rapldly degrade in both aerobic and anaer®bic
and enzymatic  surface 4

composting conditions RECOV3R
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| Compostable Products
- ﬁ: P -

Polylactic Acid is a little bit more brittle than ABS for 3D prototyping but it has some
advantages as well. For a full comparison of the two plastics as they relate to 3D printing
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POLYHYDROXYALKANOATES (PHAs)

» Beijerinck in 1888 first observed the PHA as granules in the bacterial cells.

» Later on, Lemoigne in 1926 discovered PHA in Bacillus megaterium in the form of pol¥ (3-hydroxybutyrate) (PHB), the
most well-known scl-PHA member, characterized as a stiff and brittle material and difficult to be processed due to its
semi-crystalline isotactic nature.

» Polyhydroxyalkanoates (PHAs) are natural polymers (polyesters) synthesized by numerous bacteria as energy reserve
and present in the form of granules in the cell cytoplasm

> Poll-hydroxyalkanoates are synthesized and accumulated b¥]about 300 different microbial species covered in more than
90 kinds of Gram-positive and Gram-negative bacteria, such as Bacillus, alcaligene latus, Rhodococcus, Rhodospirillum,
Pseudomonas, Alcaligenes, Azotobacter, Rhizobium.

» When bacterial cells are temporarily free of one or more nutrients such as nitrogen (N), sulphur (S), phosphorus (P),
magnesium (Mg) or oxygen (O), their metabolism does not work normallc}/. In this circumstance the cell can accumulate
?Puliclge)nt reserves: phosphorus in the form of polyphosphate (poly P) and carbon in the forms of polyhydroxyalkanoate

s).

» Industrial production of polyhydroxyalkanoates is based on the fermentation of microbial cultures on substrates such as
sugars (glucose) or carbohydrate compounds (corn).

f}’;i" [ CHs 0
. |
W : 0 | —C

R O R ©O R O y EH __
/ _ % H
AN AN, B el |l
. y @j@} @ P3HB

¥ P
A 5

General strucure of PHAs = IECOV3R



POLYHYDROXYALKANOATES (PHAs)

Polyhydroxyalkanoates (PHAs) are thermoplastic polyester synthesized
from different bacterias. A wide variety of prokaryotic organisms accumulate PHA
from 30 to 80 % of their cellular dry weight.

1 |

I
| o f U b -]
PHAs have good thermal properties , ) I n

(melting point at 160-180°C) good processability H

Good resistance in a large temperature’s range
from -30°C to +120°C. PHAS \ﬁgé}}% i

Biotechnological studies revealed that PHB is produced under balanced growth
conditions when the cells become limited for an essential nutrient but are g

exposed to an excess of carbon. B Q/‘W d

Depending on the carbon substrates and the metabolism of the microorganism,
different monomers, and thus (co)polymers, could be obtained.

i)

In marine and terrestrial environments PHAs are biodegradable



POLYHYDROXYALKANOATES (PHAs)

The multiplicity of polyhydroxyalkanoates is due to the type of branching R present in the molecule that may be linear or
branched, saturated or unsaturated, with aromatic or halogenated substituents.
The number of -CH2- groups and the number of monomers present influence PHAs the physical characteristics of PHAs.

m=1 R= hydrogen 3-hydroxypropionate (3HP)

methyl 3-hydroxybutyrate (3HB)

ethyl 3-hydroxyvalerate (3HV)

propyl 3-hydroxyhexanoate (3HH)

pentyl 3-hydroxyoctanoate (3HO)

heptyl 3-hydroxydecanoate (3HD)

nonyl  3-hydroxydodecanoate (3HDD)
m=2 R= hydrogen 4-hydroxybutyrate (4HB)
m=3 R= hydrogen 5-hydroxyvalerate (BHV

Monomeric Unit

m is the number of groups

’ R O CH2, nis the number of
monomers ranging from 100
\\ to 30000, and R is the side
O k B chain (l
I vo/m In IECOVIR



The main biopolymer of the PHA family is the
poly hydroxybutyrate homopolymer (PHB),

but also different poly(hydroxybutyrate-cohydroxyalkanoates) copolyesters exist such as:

poly(hydroxybutyrate-co-hydroxyl valerate) (PHBV),
poly(hydroxybutyrate-co-hydroxyhexanoate) (PHBHXx),

Table 2.2 Main PHA abbreviations

Conventional abbreviations (short)

Full abbreviations

Structures

PHB
PHV
PHBV
PHBHx
PHBO
PHBD
PHBOd

P(3HB-co-3HV)
P(3HB-co-3HHXx)
P(3HB-co-3HO)
P(3HB-co-3HD)
P(3HB-co-3HOd)

Homopolymer
Homopolymer
Copolymer
Copolymer
Copolymer
Copolymer
Copolymer

poly(hydroxybutyrate-co-hydroxyoctanoate) (PHBO),
and poly(hydroxybutyrateco-hydroxyoctadecanoate)

(PHBOd)

POLYHYDROXYALKANOATES (PHAs)

Table 2.1 Main PHAs homopolymer structures based on the Fig. 2.11

Chemical name Abbreviation x value R group
Poly(3-hydroxypropionate) P(3HP) 1 Hydrogen
Poly(3-hydroxybutyrate) P(3HB) 1 Methyl
Poly(3-hydroxyvalerate) P(3HV) 1 Ethyl
Poly(3-hydroxyhexanoate) or poly P(3HHx) or P(3HC) 1 Propyl
(3-hydroxycaproate)
Poly(3-hydroxyhexanoate) P(3HH) 1 Butyl
Poly (3-hydroxyoctanoate) P(3HO) 1 Pentyl
Poly (3-hydroxynonanoate) P(3HN) Hexyl
Poly(3-hydroxydecanoate) P(3HD) 1 Heptyl
Poly(3-hydroxyundecanoate) or P(3HUD)or P(3HUd) 1 Octyl
Poly(3-hydroxydodecanoate) P(3HDD) or P(3HDd) 1 Nonyl
Poly(3-hydroxyoctadecanoate) P(3HOD) or P(3HOd) 1 Pentadecanoyl
Poly(4-hydroxybutyrate) P(4HB) 2 Hydrogen
Poly(5-hydroxybutyrate) P(SHB) 2 Methyl
Poly(5-hydroxyvalerate) P(5SHV) 3 Hydrogen

1€
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CH CHy
CHa 0 I ’ I
L ‘ H; “i CH 0 CHs O CH; 0
g oWl | oW |l | W |
o—C—C —C O C C —C O C C =——C =t
P3HB H Jy ¥ H
PHV B e
PHBV
The chain-length of the volatile fatty acids is of great influence on the
composition and properties of PHA. In mixed culture PHA production, for
example, P3HB is brittle and stiff and has limited applications. The incorporation
of 3HV into P3HB results in a more flexible and tougher PHA, also less
permeable to oxygen, making it suitable for food packaging.
0 0 0 § 0 g 0 § 0
VESRIRIRIRS.
- short-chain-length PHAs (scl-PHAs) consist of 3—-5 carbon 0 o/ N/ M\ M\ M\,
atoms;
- medium-chain-length PHAs (mcl-PHAs) consist of 6-14 3? ° BHY \3HHX i i ks
carbon atoms. Scl-PHA Mcl-PHA

The number of -CH, groups and the number of monomers affect the physical characteristics of PHAs.

mcl-PHAs have a much lower level of crystallinity, tensile strength, melting point than scl-PHAs and are more

flexible.

So, the introduction of different HA monomers such as 3-hydroxyvalerate (3HV) or 3-hydroxyhexanoatﬁ
into the chain increases elasticity.
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PHAs Natural Producers

v’ Prokaryotes include bacterias and archaea

v’ Bacillus
. The cost of PHA production is mainly affected by downstream proces:

v Alcallgenes and therefore, the development of PHA extraction methods is required to m

v Azotobacter the overall process much simpler and cheaper. Improved bioseparation syste
are essential for biotechnology as separation is the limiting parameter for

v Ralstonia eutropha success of biological processes. The recovery system may affgct the amour
product recovery, the convenience of the subsequent purification steps and

v Vibrio quality of the final product. Cell separation from fermentation broth is
preliminary step of the recovery method.

v’ Enterobacter

v’ Cupriavidus

v Methylobacterium
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PHA extraction . e
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X Prcss

Figure 1 : Classification of different recovery methods to extract PHA from the cell
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Crude cells, containing PHA
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Fig. 3. Purification strategy of PHAs. The recovery of PHAs could be composed
of three steps pretreatment, extraction, and purification.
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POLYHYDROXYALKANOATES (PHAs)

Biologically produced, poly3hydroxybutyrate P(3HB) is a semi-crystalline isotactic stereo regular polymer with 100% R

configuration that allows a high level of degradability.

The Mw of P(3HB) produced from wild type bacteria is usually in the range of 1-104-3-10° g/mol with a polydispersity of
around two. The glass transition temperature of P(3HB) is around 2°C while the melting temperature is near 180°C, as

measured by calorimetric analysis.

The densities of crystalline and amorphous P(3HB) are 1.26 and 1.18 g/cm3, respectively.

Mechanical properties like the Young's modulus (3.5 GPa) and the tensile strength (43 MPa) of P(3HB) material are close to

those of isotactic polypropylene. The extension to break (5%) for P(3HB) is however markedly lower than that of

PHA technical substitution potential

Where:

++ represents the completely substitution;
+ represents the partial substitution;

- represents no substitution

polypropylene (400%).
Table 1. Range of typical properties of PHA's
Property” [units] Values
T, [°C] 2
T [°C] 160-175
Xor [%] ' 40-60
E [GPa] 1-2
o [MPa] 1540
£ [%] 1-15
WVTR [g'-mm/m*-day] 2.36
OTR [ce:mm/m*-day] 55.12

‘T,: glass transition temperature, Tpy: melting temperature,

X.p: erystallimity degree. E: Young’s modulus, a: tensile strength.
e: elongation at break. WVTR: water vapour transmission rate:
OTR: oxygen transmission rate.

~ e =~
< = | - = g g Tl E| e
- 3 3 -l = 7| = ® | 2| Q|2
~ = ™ ~ E :p'" ] = — =
Q| 8|E& = - = = | = | @
P(3HB) + + + + | + + + - |+
P(3HB-co- N
3I[E[x) + + + - - - - - - - +
HECOVSTR




Table 24.4 Comparison of the properties of the main biodegradable
polyesters

Property/Material PHB PLA PCL PEA

Physical Properties

Density (g/ml) 1.25 1.25 1.10 1.05

Thermal Properties

Melting temperature (°C) 165 151 62 114

Glass transition -5 58 -60 -32

temperature (°C)

Degree of crystallinity (%) 40-60 0-2 60-70  30-36

Mechanical Properties

Young's modulus (MPa) 1000-1200 2000-2100 180-240 250-270

Tensile strength (MPa) 15-20 16-103 13-15 18

Elongation at break (%) 14-16 8-10 Higher 400-460

than 600

Barrier Properties

WVTR at 25 °C (g/m?-day) 20 170 180 700

Surface Properties

Surface tension (mN/m) 60 50 53 62

Polar component 32 14 12 24

Biodegradability

Biodegradation 60 days (%) 100 100 100 100

Source: Adapted from [41]

PHAs properties

Poly hydroxybutyrate

Poly lactic acid

Polycaprolactone

~_OH Poly EthyleneAdipate
0

n
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PHA processing, thermal degradation

0 . o 4 O\ O
i l’\/\ AN
~~0 O O {CH O\ O'n OH
I e PHB
v \ auto-accelerated
, B-elimination | trans-esterification
a-deprotonation -
o f O\ O \\
H . J #k/\ Ko \
0y CH OO0/ " OH |
/'Lr} ' n—1 |
“cH O, B-elimination /
unzipping (_z-deprotonation/
[3-elimination 4 O‘/ O'.'
/\)l\ Y0 JoH
OH ’ 'm

crotonicacid ~ oligomers . _ 4 5

Figure 4. Mechanism of thermal degradation for PHB

PHB thermally decomposes at temperatures

just above its melting point.

A short exposure of PHB to temperature near 180°C could induce
severe degradation accompanied by production of the degraded
products of olefinic and carboxylic acid compounds, e.g.,

crotonic acid and various oligomers: through the random chain
scission reaction that involves a cis-elimination reaction of 3- CH
and a six-member ring transition.

The most common mechanisms are summarised in Figure 4.

During processing, the degradation of the chains may be reduced b
the addition of a lubricant that prevents the degradation of the chai
In processing, so that the material can be processed at 170— 180°C,
because PHB is sensitive to high processing temperatures.

This leads to a decrease in the molecular weight, as well as a
reduction in the melt viscosity.

The crystallization temperature shifts to lower values, and
crystallization takes longer.
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PHA processing

PHASs can be processed mainly via injection moulding, extrusion and extrusion bubbles into films and hollow
bodies.

The use of co-polymers were chosen in order to improve the flexibility for potential packaging applications, it leads to
decrease of the glass transition and melting temperatures.

In addition, the HV broadens the processing window since there is improved melt stability at lower processing temperatures.

They have observed that the complex viscosity decreased with increasing temperature due to a decrease in molecular weights

of the samples.
These results suggest that processing the co-polymer below 160°C would be beneficial with low screw speed.

The mechanical results indicate all PHBV materials had high elastic modulus and flexural strength with low tensile strength

and elongation at break.
The water vapour transmission rate (WVTR) results indicated the polymer to be very hydrophilic, resulting in higher water

transmission rates.

Injection Molding Machine

Cylinder for screw-ram Hopper Stationary Platen
Mould
ﬂl T . Moveable Platen

lﬁ &> Tie rods
V= v Bioplastic Granules

v . ' S
.- Fo W |

Reciprocating 4

Saew Barrel Heaters

Clamping
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Table 2 Effect of plasticizing modifiers on the glass transition temperature and mechanical properties of PHEV

Sample Modifier concentration (wt%) Myw (g mol™) T ("C) £ (%) TS (MPa)
PHEV* 100 680 000 6.6 6 43.1
Soy oil®*” 20 §14.3 3.4 3 33.7
Epoxidized soy oil™ 20 874.2 19.0 7.2 22.1
Dibutyl phthalate® 20 278.2 28.5 10 11.7
Triethyl citrate® 20 276.1 30.0 10 10.9
Epoxy soyate® 20 — — 7.51 13.8
Soy oil** 10 — — 5.09 18.7
Epoxidized linseed oil*® 10 o 1 Do - 7.46 19.6
W~ .l:'c AR A a‘j“o
e~ ) P, NN U:,J\DAEH]
ATBC TBC TEC

Fig.1. Chemical structure of ecological plasticizers

Table 1. Properties of the used plasticizers

Plasticizer Molecular | Density Solubility

weight (g L'l) parameters
(g mol ™)

Tributyl 360.44 1.043 | 188 (Jem™)'™”

cifrate [21]

(TBC)

Tributyl o- 405.5 1.045— | 187 (Jem™)"”

acetylcitrate 1.055 [21]

(ATBC)

Triethyl 276.28 1.137 22.7-238

citrate MPa'? [20.22]

(TEC)
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Table 5. Challenge and Prospects of PHAs

PHAS challenges

PHAs prospects

High cost of production and extraction

— Reduction in cost related to the use of substrate for bacterna growth coming from by prod-

ucts or waste materials.
Increase PHAs production by use of mixed culture or modified bacteria or microalgae.

Optinusation of PHA extraction processes.

Quality of PHA Optimisation of the quality and uniformity of PHAs produced in mixed culture.
Better understanding of PHASs kinetics of erystallization and proper choice of additives
Mechanical properties (nucleating agents, plasticizers) to achieve stability in mechanical properties, and improve-

ment in elongation at break.

Production of blends and composites

Optimisation in the use of PHAs in blends with other biodegradable polymers achieving a
reduction n cost of the final product while still maintaining the outstanding properties of
PHAs i terms of barrier properties. Modulus. high biodegrability in different environments.

Blends with natural additives

PHAGs in processing are very sensitve to water presence, but proper drying of natural addi-
tives and proper choice of compatibilizers 1s pronusing for the preparation of blends of
PHAs and natural polymers (starch, proteins, ete.) which can achieve the production of plas-
tic items with high biodegradability, for example also in marine environment.
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“MARINE POTS"
Performance evaluation

] Monitoring of the plants’ growth
In Marine Water In Dunes

Tirreno sea, in Tuscany, Italy. Posidonia oceanica planting, for coast restoration RECOV3R



Performance evaluation of "terrestrial pots"

outdoors buried greenhouse

PHBV and wood Fibres




Table 5. Challenge and Prospects of PHAs

PHAS challenges

PHAs prospects

High cost of production and extraction

— Reduction in cost related to the use of substrate for bacterna growth coming from by prod-

ucts or waste materials.
Increase PHAs production by use of mixed culture or modified bacteria or microalgae.

Optinusation of PHA extraction processes.

Quality of PHA Optimisation of the quality and uniformity of PHAs produced in mixed culture.
Better understanding of PHASs kinetics of erystallization and proper choice of additives
Mechanical properties (nucleating agents, plasticizers) to achieve stability in mechanical properties, and improve-

ment in elongation at break.

Production of blends and composites

Optimisation in the use of PHAs in blends with other biodegradable polymers achieving a
reduction n cost of the final product while still maintaining the outstanding properties of
PHAs i terms of barrier properties. Modulus. high biodegrability in different environments.

Blends with natural additives

PHAGs in processing are very sensitve to water presence, but proper drying of natural addi-
tives and proper choice of compatibilizers 1s pronusing for the preparation of blends of
PHAs and natural polymers (starch, proteins, ete.) which can achieve the production of plas-
tic items with high biodegradability, for example also in marine environment.
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#  STARCH

» Starch is a basic component of MaterBi® (produced
by Novamont), used for production of biodegradable
materials. As blown films it is known as
biodegradable shoppers replacing traditional
polyethylene bags.

» Plantic™ produces a water-soluble starch/PVOH
compound with silicate nanoclay added. It is used
captively to make thermoformed candy trays.
Recently, Plantic developed grades for blown film.

» Rodenburg Biopolymers produces Solanyl® (made
from potato waste). Solanyl® is principally marketed
for nursery pots and other horticultural applications.

» EarthShell Corporation uses reclaimed starch from
the commercial processing of potatoes and French
fries. This maximizes the efficiency of potato
processing and reduces costs. Limestone, recycled
fiber are the other ingredients. Many food
containers like trays, cups, plates, wraps etc are
produced with this material.

Starch is composed of two

polymers

Amylose
(about 20%)
CH,OH [ CH,OH CH,0OH
o) o) o)
OH OH OH
OH O OH
OH | OH _ OH

300-600

Amylopectin
(about 80%)

In both cases these are glucose polymers that
differ from one another to the structure.

12
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DIFFERENT STARCH GRANULES
STARCH EER T

Z. subfasciatus Potato Tapioca

T. molitor

Starch has different proportions of amylose and amylopectin
ranging from about 10-20% amylose and 80—-90% amylopectin
depending on the source.

Starch Source %% Amylose
Potato Waxy Rice 0
High Amylose Corn 70
Corn 28
Cassava 17
Waxy Sorghum 0
Wheat 26
Sweet Potato 18
Arrowroot 21
Sago 26 (I
Potato 20 -
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STARCH

» It has a low cost, is available in huge quantities,
produced from renewable resources and
completely biodegradable.

Structure-Property
Correlations in Thermoplastic
Starch Blend and Composites

» Starch is a semicrystalline polymer, it represents

i i Processing ..

the major form of stored carbohydrate in plants. ot Inrge weter ;E:;:;flsed ?;:E E:; ::;c -
> Neat starch has an high glass transition content

temperature, and its relative large modulus and

strength is accompanied by poor deformability and

impact resistance due to the limited conformational

mobility of its stiff chains.
» On the other hand, it is sensitive to water, its

processing is difficult and its properties are usually

inferior to commodity polymers.

destructurized . .

» Depending on the amount of water used during starch Bioplastics

processing, starch is ether gelatinized (large amount Processing

of water) or melted (small water contents) at small water

content
Amount of remaining structure >

+ Extent of destructuring



Amylose is soluble in water and forms a helical structure. STARCH

Starch occurs naturally as discrete granules since the short-branched amylopectin chains are able to form helical
structures which crystallize.

The starch granule organization consists in alternation of crystalline and amorphous areas leading to a concentric
structure.

The amorphous areas are mainly constituted of amylose chains and amylopectin branching points. The crystalline parts
are mainly composed of amylopectin side chains.

o / a-1,6-bond

T
O
O
o
IO
S)\o
oy O
< =
(@)
T
O
oYl O
7
C

a-1,4-bond
HO'lq 0 HOY ‘/ ¢
HO HO
HO H
HO %70 B0 ple
Amorphous Semi-crystalline

growth ring growth ring
(120-400 nm) (120-400 nm)

Amorphous —
lamella (3-5 NM) sy
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STARCH

Because of numerous intermolecular hydrogen bonds
existing between the chains, the melting temperature
(Tm) of starch is higher than its degradation
temperature, to elaborate a plastic-like material, it is
necessary to introduce high water content or/and
some non-volatile plasticizers (glycerol, sorbitol,...)
which decrease the glass transition temperature (Tg)
and the Tm.

The increase of water (polyols) and temperature
induces an irreversible swelling

process named “‘gelatinization”.

During gelatinization, the amylose is well solubilized,
the granular semi-crystalline structure disappears, and
the granules swell rapidly.

This phenomenon occurs at a given temperature
defined as “gelatinization temperature’” (Tgel) which
depends on the starch botanical origin.

Raw starch granules made
up of amylose (helix) and
amylopectin (branched).

Addition of water breaks up
amylose crystallinity and
disrupts helices.

Granules swell.

Addition of heat more water
causes more swelling.
Amylose begins to diffuse
out of granule.

Granules, Now containing
mostly amylopetin, have
collapsed and are held in a
matrix of amylose forming
a gel.

( i
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STARCH Processing

The starch melting process is often carried out in association with plasticizers to obtain a homogeneous
molten phase. During the thermo-mechanical process, e.g.,

extrusion, different and successive phenomena occur.

The disruption of starch granules being dependent on the specific mechanical

energy provided during processing, this material could be described as a “thermomechanical- plastic”
material.

During processing, amylose and amylopectin degradation occurs and this phenomenon is obviously
dependent on the thermal and mechanical energy brought to the system.

Starch Granules

+ water
+ polyols

Plasticized
Starch

Fragmentation ,-~- Melting e

”~ -~
: ” b -~ Y i ”
i ” D i ) ~ - : ”~
Ng isruption ~. .° ;
A ~ Degradation
Plasticization

-



STARCH

One of the disadvantages of TPS is its brittleness caused by its relatively high Tg and lack of a sub-Tg main chain relaxation
area. During storage, this brittleness increases because of retrogradation.

Retrogradation is the change in mechanical properties of TPS caused by the recrystallization process. The recrystallization
process is caused by the tendency of macromolecules to form hydrogen bonds during the expulsion of water and/or other
solvents.

This process can be divided into the recrystallization of amylose and the irreversible crystallization of
amylopectin.

Retrogradation is referred to as the long-term recrystallization of amylopectin because the reversible recrystallization of
amylose is slower.
Amylose II/
il —=-

Above the Tg, further absorption of water increases the
mobility of starch until the equilibrium moisture content
is reached.

During and after this period, retrogradation takes place

and relaxation times increase because of the A B C
development of crystallinity. ‘ e
' Granule of starch Gelatinisation Retrogradation
|+ Water + Heating |




Poly (butylene succinate) (PBS)

PBS is an aliphatic polyester that is attracting increasing attention due to the possibility to be biobased produced, its balanced
properties and excellent biodegradability.

This PBS polymer (trade name Bionolle) had a processability similar to the conventional resins, such as polyethylene. For this
reason, Bionolle was one of the most suitable materials for processing into films, which was proposed for use in agricultural
purposes, shopping bags, compost bags, etc...New possible applications for PBS have been investigated in the last years, for
example the development of novel materials for ecological agricultural purpose; in fact, mulching nonwovens and pots
produced from nonwovens, can be valid alternatives to polypropylene products.

PBS and other aliphatic polyesters were firstly synthesized by the pioneering work of Carothers in 1931.
Massive efforts have been dedicated to the investigation and synthesis of PBS and its copolymers and nowadays, via
copolymerization with other dicarboxylic acids or diols, the properties of PBS can be varied in a wide range making PBS a very

promising material for various applications.
O
HON Succinic acid
R - ”
i | -

O

n
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For many years, Polybutylene succinate PBS and poly (butylene succinate co-adipate) PBSA were produced from
petrochemical sources by Showa Highpolymer (Shanghai, China)

o) O

HO — (CH,), — OH HO A (CH,), AL OH

butanediol succinic acid

..rI
A
o=
g
O
S
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1

(CH,),

Fig. 1 Chemical structure of PBS (a) and PBSA (b).

MITSUBISHI - : .
CHEMICAL Introduced Bio PBS and bio PBSA (PTT MCC Biochem company)
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Poly (butylene succinate) (PBS)

PBS is a white crystalline thermoplastic polymer having a density of 1.25 g/cm?3, melting point (T,,) in the range of 90-120 °C
and a low glass transition temperature (T,) of about -45 to —10 °C. It has good mechanical properties and excellent
processability.

In fact, PBS can be processed in the field of textiles into melt blow, multifilament, monofilament, nonwoven, flat, and split
yarn; it can also be used for the production of injection molded, extruded and blown products

The very good flexibility of PBS coupled with its easy film-forming
ability make it particularly suitable for films production

. Test .
Properties Method Unit FD92PM/FD92PB
Density ISO 1183 g/cm3 1.24
MFR (190°C, 2.16 kg) ISO 1133_| g/10 min 4
Melting Point ISO 3146 °C 84
Tensile Modulus Y2 1s05273 | WPa 2 Adipate units act as soft segments leading to a lower glass
Viold Stress Tc? 0573 | MPa 12 transition and melting temperature for PBSA versus PBS
Stress at Break MD ISO 527-3 MPa 32
Iq% 6'%70 » The cost of PBS is around 3.2-4.5 €/Kg.
Strain at Break ™ ISO 527-3 % 580
Etlgﬁgﬁlorf tear "TJ"EE)J 1SO 63832 | N/mm g » Principal PBS producers are: Mitsubishi, Myriant, Reverdia
BTTMCC and Hexing Chemical.
Puncture Impact method kd/m 6
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BioPBS™ FZ91PM / FZ91PB Technical Data Sheet

BioPBS™ FZ71PM Technical Data Sheet

Properties Test Method | Unit | FZ91PM/FZ91PB Properties Test Method Unit | FZ71PM
Density ISO 1183 glem® 1.26 Density ISO 1183 g/cm® 1.26
MFR (190°C, 2.16 kg) ISO 1133 | g/10 min 5 MFR (190°C, 2.16 kg) ISO 1133 | g/10 min 22
Melting Point ISO 3146 °C 115 Melting Point ISO 3146 °C 115
Yield Stress ISO 527-2 MPa 40 Yield Stress ISO 527-2 MPa 40
Stress at Break ISO 527-2 MPa 36 Stress at Break ISO 527-2 MPa 30
Strain at Break ISO 527-2 % 210 Strain at Break ISO 527-2 % 170
Flexural Modulus ISO 178 MPa 650 Flexural Modulus ISO 178 MPa 630
Flexural Strength ISO 178 MPa 40
lzod Impact Strength (23°C) 1SO 180 kJ/m? 7 Flexural Strength . ISO 178 MPa 40
Heat Deflection Temperature (0.45 MPa) ISO 75-1 °C 95 lzod Impact Strength (23°C) ISO 180 KJ/m I
Rockwell Hardness ISO 2039-2 R Scale 107 Heat Deflection Temperature (045 MF’a) ISO 75-1 °C 95
Rockwell Hardness ISO 2039-2 | R Scale 107

BioPBS™ s bhio-based polybutylene succinate (PBS) produced from polymerization of bio-based succinic

acid and 1,4-butanediol. Alike LDPE, BioPBS™ is soft and flexible semi-crystalline polyester with excellent

properties suitable for injection molding articles for general purpose.

OK COMPOST certified by Vincotte in European Union

BioPBS™ FD92PM / FD92PB Technical Data Sheet

BioPBS™ is bio-based polybutylene succinate (PBS) produced from polymerization of bio-based succinic
acid and 1,4-butanediol. Alike LDPE, BioPBS™ is soft and flexible semi-crystalline polyester with excellent
properties suitable for cast extrusion and extrusion coating such as compostable paper cups.

This is a PBSA

A

. Test .
Properties Method Unit FD92PM/FD92PB
Density 1SO 1183 g/em? 1.24
MFR (190°C, 2.16 kg) 1SO 1133 g/10 min 4
Melting Point 1SO 3146 °C 84
. MD 280
Tensile Modulus ) 1ISO 527-3 MPa 320
) MD 18
Yield Stress ) 1ISO 527-3 MPa 17
MD 32
Stress at Break ) 1ISO 527-3 MPa 57
) MD o 600
Strain at Break ) 1ISO 527-3 % 580
Elmendorf tear MD 2
strength ) ISO 6383-2 N/mm 5
PTTMCC
Puncture Impact method kd/m 6

OK COMPOST certified by Vincotte in European Union

OK COMPOST, OK COMPOST HOME and CK Biodegradable SOIL certified by
Vincotte in European Union

2
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Poly (butylene succinate) (PBS)

Great attention was paid on the production of PBS (traditionally petrochemically derived) by renewable resources and its
production starting from sugarcane, cassava and corn (Bio-PBS) has been underway since 2017, making PBS a valid
sustainable, biobased and biodegradable plastic alternative.

PBS (and PBSA) are used ad ductility enhancer for PLA.

A highly-biobased and compostable PLA/PBS product, trade name BioFlex® S 5630, was also developed by FKuR Kunststoff
GmbH and Fraunhofer UMSICHT; this commercial product can be used for flat sheet extrusion, thermoforming and injection
molding.

Just a moderate amount of PBS or PBSA (20 wt%) can turn PLA from brittle to ductile, increasing the elongation break from
25% to more than 200%.

They are compatible during melt processing although they are not miscible at a molecular level

PLA/PBS blends plasticized with isosorbide have been proposed as a novel solution for packaging applications

PBS can be found on the market blended with PLA: for example a commercial PLA/PBS blend used for food service ware
Is produced by NatureWorks LLC

2
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Poly (butylene succinate) (PBS)

Compared with other biopolymers, PBS has a better eco-efficiency depending on End-of-Life (EOL) options

Various microorganisms are able to degrade PBS and its copolymers, including bacteria and fungi

Table 7 Relationship between polymer structures and biodegrad-
ability of the aliphatic polyester Bionolle (Fujimaki 1998)

Biodegradability tests PBS PBSA PES

In hot compost Normal  Rapid Normal
In moist soil Normal  Rapid Normal
In the sea Slow (Rapid)  Slow
In water with activated sludge  Slow Slow (Rapid)

PBS polybutylene succinate, PB5SA polybutylene succinate adipate
copolymer, PES poly(ethylene succinate)
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Poly (butylene succinate) (PBS) Biodegradability

AFTER AFTER AFTER :;ggs
BEFORE aweeks | 24 Weeks | 24weeks | ,2R00N

PBSu IN COMPOST |IN COMPOST| IN SOIL

WEATHERIN

PBSA
(60-40)

PBS

PBSA
BIONOLLE 3020MD|BIONOLLE 1020MD

PBS and PBSA based blends after soil burial treatment for 1, 3 and 5 months
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Recover solutions & innovations

%

Offering solutions
to AWPs

Agri-food Waste [
Plastics (AWPs)

ENVIRONMENTAL
ECO-SERVICES

Combining new

enzymes,
microorganisms,
insects &
earthworms
()=
Products

‘ Turning AWPs a
resource/

O
R E C O V R o © IRIS / RECOVER PROJECT

Chitin and chitosan: Chemical extraction, enzymes, ionic liquids, etc

Work in progress..... ‘\
Extraction
* Green process

Chitin Chitosan

) >

J?I‘Z‘%m

RECOV3IR

Development of innovative biotic
symbiosis for plastic biodegradation
and synthesis to solve their end of
life challenges in the agriculture and
food industries

GA 887648

+ Pots, sticks or packaging

Chitin/Chitosan - « Enhanced mulching films

Food trays, rigid containers, films
= Chitin/chitosan coated films

(B

RECOV3R



Nature likes composites too...

wood: micro-composite of
cellulose in a lignin resin

POLYSACCHARIDES
BIOMATERIAL FOR
STRUCTURAL

APPLICATION \

exoscheleton of arthropodes:
micro-composite of chitin
fibrils in a protein matrix
(containing  also  calcium
carbonate)
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The most abundant type of crystalline chitin is the a-chitin

CHITIN Structural features
CRYSTALS

e TUDE WOrms

B-CHITIN Molecules arranged in

parallel fashion

M Mincea et al., Rev. Adv. Mater. Sci. 30, 2012, 225-242

Worldwide chitin based waste material from the fishing industry, exceeds 25 billion tons/year

The processing of 1 kg of shrimp produces 0.75 kg of waste (e.g: chitin containing shells) and 0.25 Kg of final food

RECOV3R



CHITIN AND CHITOSAN

With an annual production of approximately 1010 — 1020 tons, chitin is considered as one of the most abundant biopolymers
on the Earth. Chitin can be present in several materials belonging to exoskeleton of insects (e.g. tubeworms), arthropods (e.g.

mollusc, shell oysters, squid pen) and crustaceans (e.g., crabs, lobsters and shrimps). Moreover, chitin is also known as a
structural component of cell walls of fungi (mushrooms).

= CHOH CH20H _
H
— — G = ) H
OH . ol oH  m ke
NH, H
+0 @) HO T~ - OH H OH i
HO O o Cellulose
NH, " CH20H CH20H =
OH n H
B B ~ H %
: OH H OH
Chitosan H ek T
) H NHCOCH3 H NHCOCH3 '

Yadav M, Goswami P, Paritosh K, Kumar M, Pareek N, Vivekanad V, seafood waste: a source for preparation of co
employable chitin/chitosan materials

RECOV3R



CHITIN PURIFICATION

Shrimp shells
/ﬁ\ / Acid treatment
Deproteination Demineralization
Demineralization Deproteination —— .
\ /' > Basic treatment
Acetylation degree should be higher
Chi > . .
in than 0,9 and molecular weight in the
l range 1-2,5%10°
Deacetylation MNYV Ravi Kumar, React. Funct. Polym, 46, 2000, 1-27
Microfibers based materials
Chitosan
N. Van Toan, The Open Biomaterials Journal, 1, 2009 (I
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Cuticle Helicoidal plywood of — Bundle of chitin-

Chitin and chitosan | |
Nano chitin fibrils

Chitin is the second most abundant polymerized
carbon-based macromolecular material found in
nature and can be converted to innovative high-value
bio- and eco-compatible materials. Chitin consists of

Exocuticle )

3

Chitin
nanofibers
r_.a.. / %

both crystalline and amorphous domains, but the . ' FRIAE

L L L SR £ 0 W g
elimination of the amorphous phase results in chitin i i N el P s

. . . . Sl <@ g G4 W N el tin chains
nanofibrils (CNs), which lose their pro-inflammatory — A e RN
and allergenic character and obtain anti- N ’&7"‘1%‘%
. . . . . /“"“ o " A/‘ v
inflammatory, anti-microbial properties. T i
mn .

10A

Electrosprayed
Chitin Nanofibrils

Cosmetics have recently focused on biobased
skin-compatible materials. Materials from
natural sources can be used to produce more
sustainable skin contact products with enhanced
bioactivity.

Skin Care
Applications

Panariello, L., Coltelli, M.-B, Giangrandi, S., Garrigds, M. C., Hadrich, A., Lazzeri, A., Cinelli, P. (2022)
Influence of Functional Bio-Based Coatings Including Chitin Nanofibrils or Polyphenols on Mechanical
Properties of Paper Tissues. Polymers, vol. 14, n. 11, June 2022, pag. 2274.

https://doi.org/10.3390/polym14112274 ' |
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https://doi.org/10.3390/polym14112274

FROM CHITIN TO NANO-CHITIN

The microfibers contain crystalline nano-fibers. It is possible to produce chitin nano-whiskers by chemical
treatment of microfibers.

MAVI SUD plant, Aprilia, (Italy) patented this process. Other producers with similar processes are Celabor
(belgium) Texol (Italy) etcd

Nano-chitin is thus available in diluted water suspension for cosmetic applications.

5
<
-

b . e

. F =
AccV  Spol Magn Del WD Exp f————— sum
200kv 40 3000x SE 3641 Wiskers 1A
" &

A

300 nm long and 10 nm wide nano-fibers
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Sustainable technologies fO I’ the production of biodegradable materials

based on natural chitin-nanofibrils derived by waste of fish industry, to
produce food grade packaging

Production of films for shopping bags

Blown film extrusion in industrial plant

Good processability and tunability of thickness
as a function of process parameters.

RECOV3R



Shopper based on bio-blend Bio-blend + chitin nanofibrils + PLA/PBAT

film produced by blown film extrusion in MICROTEC plant
based on D material : the colur is slightly browner than the

reference BIOCOMP BF 7210, but the transparency is
similar.
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International Journal of
Molecular Sciences

Article

Chitin Nanofibrils in Poly(Lactic Acid)
(PLA) Nanocomposites: Dispersion and
Thermo-Mechanical Properties

Maria-Beatrice Coltelli 1'2*(0 Patrizia Cinelli '3, Vito Gigante L2 1aura Aliotta 1200,

Pierfrancesco Morganti *>#, Luca Panariello 1> and Andrea Lazzeri 1/%*

Advanced Materials Letters

Research Article Advanced Materials Letters

Chitin Nanofibrils in Renewable Materials for
Packaging and Personal Care Applications

Maria-Beatrice Coltelli'?*, Vito Gigante"?, Luca Panariello"?, Laura Aliotta"?,
Pierfrancesco Morganti’, Serena Danti' ?, Patrizia Cinelli" %, Andrea Lazzeri"?

2019, 10(6), 425-430

VOL. 60, 2017

Guest Editors: Luca Di Palma, Elisabetta Petrucci, Marco Stoller
Copyright © 2017, AIDIC Servizi S.r.l.
ISBN 978-88-95608- 50-1; ISSN 2283-9216

CHEMICAL ENGINEERING TRANSACTIONS

A Eublica‘con of

The ltalian Association
of Chemical Engineering
Online at www.aidic.it/cet

Morganti®, Andrea Lazzeri®

Degradability and Sustainability of Nanocomposites Based on
Polylactic Acid and Chitin Nano Fibrils

Patrizia Cinelli”, Maria Beatrice Coltelli?, Norma Mallegni?, Piefrancesco
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Example of anti bacterial test on films coated with chitin nanofibrils

AL

Results-of-antibacterial-test-on-untreated-films-used-as-reference)

Recovery-after-24-h-incubation-(cells-/cm?)=

Samplex :
E.-colix S.-aureusz
PHEV/PBSz 15600x= 687z
PBSx 5938z 156
PLA/PBAT= 6130z 325z
Results-of-antibacterial-tests-on-films-treated-with-chitin-(Aldrich)-and-chitin-(Aldrich)-+-OLA13501]
Recovery-after-24-h- . ) o B
Samplex incubation-(cells-/cm?)= Antibacterial-activity-(R)=
E.-colix 5.-aureusx E.-coliz S.-aureusxz
PBSA/PHBV-+Chitin-shrimp-3h-1.5%x 12500= 356z 0.09= 0.29=
PBSA/PHBV-+Chitin-shrimp-3h-1.5%+0LA- = 6875z 13= 0.35= 1.73=
PBSA/PHBV-+Chitin-fungi-3h-1.5%+OLA- =z 10625z 58z 0.16= 1.08=
PLA/PBAT-+Chitin-shrimp-3h-1.5%-+0LA- o 350z 38z 1.25z 0.93z
PB5—+Chitin-shrimp-3h-1.5%+0OLAx 0.33= 3= 4,25z 2.79%
PB5+QLA=z 17500= 1875z O= Oz
L. Panariello, M.B. Coltelli, A. Harich, F. Braca4 S. Fiori, A. Haviv, F. Miketa, Lazzeri, A. Staebler, V. Gigante, P. Cinelli, Polymer, (l
“Antimicrobial and gas barrier crustaceans and fungal chi-tin-based coatings on biodegradable bioplastic filmsPolymer, MDPI, 2022,

under revision. RECOV3R



Formulations based on hot melts

HMC matrix

Technipol®707

PolyButyvlene Sebacate

Tm: 64°C

Biodegradable

Biobased content: 60% up to 100%

’/Plasticizers\

Patent applied: Hot melt biobased polymeric formulations for coating applications containing

GLYPLAST OLA2

Lactic Acid Oligomer
Fully biodegradable

GLYPLAST 206/3 NL

Polyester of adipic acid
Insoluble in water

Active Molecules

Celabor Chitosan

from Shrimps

—

active biomolecules with antimicrobial and water repellent properties, Patent Application
Number 102022000016212; 29 July 2022, UNIPI, INSTM, PLABIO.

Ultraturrax
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Prototypes production

Billerud / MLP Biomi 7 flexible / MLP Biomi 7 rigid / MLP

PackPro / MLP PlaBio | / MLP

-

HM Chitin1 = HM Cutin 5

RECOV3R

HM= Hot melts




Example of anti bacterial test on films coated with chitin nanofibrils

e All the coated samples provided relevant antimicrobial
properties both for E. Coli and S. Aureus;

e The chitin + OLA coating on BIO-MI substrates was more
effective for E. Coli than for S. Aureus;

BIOMIZNEW | BM7N + HM Chitin1 | BM7N + HM Chitosan1 | BM7N + HM Cutin5
lab-scale

MD | CD | MD D MD D MD cD
Elastic Modulus 1,00 0,89 0,50 0,42 0,45 0,44 0,35 0,23
(GPa)
sessatBreak | 3079 | 2642 | 637 | 79 | 1218 762 | 1582 | 1254
(MPa)
Elongation at 1237 | 670 2,53 2,62 4,89 2,77 12,90 8,68
Break (%)
Critical Tearing | 1y 61 | 60,14 | 462 | 1044 | 749 1144 | 1871 | 2442
Energy (N/mm)
Elmendorf 02 | 039 | 026 | 021 0,31 034 | 042 | 039
Force (N)




CONCLUSIONS

Use of biobased resources, in particular those derived from by-products of food and agri-industrial sector, and
of bio-based functional molecules can be sustainable (ethic, environment, cost), with synergies and logistic
approach.

Biobased polymer requires particular attention in processing and use. Different biopolyesters, and
polysaccharides highly differ in properties and biodegradability, but can potentially compete in performances

with petro derived polymers.

Use of additives, blending with polymers may allow tuning materials properties, control cost, and
degradability

Sustainability and cost depend from raw sources, extraction efficiency, and process ability of the biomolecules.

2
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Funded projects © wheylayer

\J

@ @ WhveyLayex;:
'y AGROCYCLE ~ . =3 OliPHA
Qroveoskin  JBioBoard

PROLI

RECOV:=IR

SN
U for a circular economy

Biomass valorization Chitin and chitosan Protein for Coating and PLA; PHA; PaCkaging
Protein, cutin, natural fillers Packaging, health care packaging '
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