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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

Outline



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

PROJECT DETAILS



Participant name Short name

Universidad De Almería UAL (Coo.)
Università Di Pisa UNIPI

Asociación Agraria Jóvenes 
Agricultores España 

ASAJA

BRUNEL University BRUNEL
Universidad Miguel Hernández 
De Elche

UMH

Albstadt-Sigmaringen University ASU
NATURPLÁS PLÁSTICOS 
AGRICOLAS, S.L.

NATURPLAS

ASA SPEZIALENZYME GMBH ASA
NUTRINSECT SRL NUTRINSECT
IRIS Technology Solutions, S.L. IRIS
Organic Waste Systems N.V OWS
IDELUX Environnement IDELUX
FEMTO ENGINEERING SRL FEMTO
Ingredient Odyssey LDA -
Entogreen

ENTO

CARTON BROS. - MANOR FARM MANOR
ENCO ENGINEERING SRL ENCO
S.A. Agricultores de la Vega de 
Valencia 

SAV

5 HES, 1 Association, 1 NGO, 7 SMEs, 3 large enterprises 
(2 BIC members)

PROJECT CONSORTIUM



PLASTIC WASTE ISSUE



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

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).

PLASTIC IN AGRICULTURE

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






CIRULAR ECONOMY, BIOECONMY



BIOECONOMY SECTORS



• Less than 30% of plastic waste is collected 
for recycling

• 95% of the value of plastic packaging 
materials (70-105 billion €) is annually lost
after a very short first use cycle

• Even Biobased and Compostable plastic
can be recycled

Plastic materials for packaging - Recyclable



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)

An “environmentally friend” plastic (BIOPLASTIC) is the winning alternative, being 
biobased, biodegradable or recyclable



Bioplastic Market

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.



BIOPLASTICS 



BIOPLASTICS APPLICATIONS

➢ 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.

Introduction





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 Association1, must possess at least one of the following
characteristics:

»Derived partly from renewable sources.
»Being biodegradable.

1 http://www.european-bioplastics.org



European Bioplastics 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.

SPI Plastic Industry

Trade Association,

Bioplastics Council

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

Biodegradable Plastic: a plastic that undergoes biodegradation (a process in which the degradation results

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.



Parliament seals ban on throwaway plastics by 2021

•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

March 2019

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
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,of%20the%20EU%20Member%20States.



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

Plastic Banned or under discussion



•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.

Understanding Biobased Carbon Content Measurement

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 doesn’t 
contain any carbon.



- 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,

polybutylene succinate, polyethylene)

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

BIOBASED POLYMERS



Label Biobased content range

One star
20% < Biobased < 40%

Two star
40% < Biobased < 60%

Three stars
60% < Biobased < 80%

Four stars
Biobased > 80%

BIOBASED LOGOS 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 
Vinçotte (Belgium) and Din Certco (Germany). 
They both have a ranking system based on the 
bio-based carbon content

European Commission, “Mandate addressed to CEN, CENELEC and ETSI for the elaboration of a standardisation programme for bio-based products”, M/429.

http://www.dincertco.de.
http://www.okcompost.be

http://www.dincertco.de/
http://www.okcompost.be/


Biobased / Biodegradable LOGOS



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.

Introduction

✓ PLA (polylactic acid)

✓ PHAs
(polyhydroxyalkanoates)

✓ PBS (Polybutylene Succinate)

✓ Starch





“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, CO2, 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

BIODEGRADABILITY



- Aerobic

Hydrocarbon Polymer + O2 = CO2 + H2O + biomass + residue

- Anaerobic

Hydrocarbon Polymer = CH4 + CO2 + H2O + biomass + residue

𝑀𝑖𝑛𝑒𝑟𝑎𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛 % = 100 ∙
𝐶𝑂2 𝑓𝑟𝑜𝑚 𝑠𝑎𝑚𝑝𝑙𝑒 − 𝐶𝑂2𝑓𝑟𝑜𝑚 𝑏𝑙𝑎𝑛𝑘

𝑇ℎ 𝐶𝑂2

BIODEGRADABILITY





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.

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.

Adipic acid 



• 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.

Normative, regulations



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.

Low levels of heavy metals concentrations, in particular for Arsenic, Cadmium, Chrome, Copper,

Mercury, Molybdenum, Nickel, Lead, Selenium and Zinc, and Fluorine content have to comply with

specified limit values defined by EN 13432.

COMPOSTING



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.

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 
CO2 and biomass, this characteristic is linked to the chemical composition of the sample.

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.

The compost obtained at the end of 
the composting trial, that can also 
contain some no degraded residuals 
from the product, must not have any 
negative effects to the germination 
and growth of plants

EN 13423-2000



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 Vinçotte (Belgium)

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:

Vinçotte (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 
the test.  

The required percentage of biodegradation is exactly the same 
as specified in EN 13432 namely absolute or relative 90 %. 

The period of application for the biodegradation test specified 
in the test methods shall be maximum of 12 months

Certification, Logos



MAIN  BIOBASED BIODEGRADABLE POLYMERS



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.



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

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. 

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. 

The temperatures that characterizes a polymer are:

➢ Glass Transition  Temperature (Tg)

➢ Melting Temperature (Tm)

➢ Crystallization Temperature (Tc)



➢ 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®

The cost of  PLA 
is around 2.2 –

3.4 €/Kg

PLA 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:

» Imperial Chemical Industries

» BP

» Biomer

» Kaneka

The cost of  
PHA is around 

7–15 €/Kg



POLYLACTIC ACID (PLA)

Monomeric Unit

➢ 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



POLYLACTIC ACID (PLA)

(Compound Annual Growth Rate, CAGR)



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



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

Lactic acid is optically active and thus it has a L or D form. 
The maximum attainable crystallinity level is obtained by minimizing the 
amount of the other lactide and mesolactide in the lactide used as the 
major monomer.



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. 

POLY LACTIC ACID (PLA)



Lactic acid is a chiral molecule existing as two stereoisomers, L- and D-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.

POLY LACTIC ACID



SINTHESYS OF POLYLACTIC ACID (PLA)

The ratio of D- and L-lactide
determines the degree of
crystallinity of the polymer.
Is possible to obtain either a totally
amorphous PLA than a polymer
with more than 40% of crystallinity.

Condensation

(PLA)

Azeotropic 
dehydrative 

condensation

+ Chain 
Coupling 
agents

High Molecular Weight PLA

Low Molecular 
Weight PLA

Lactide
(It’s chiral, it can be L or D)

Ring Open 
Polymerization

Depolymerization

Condensation



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.



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. 

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



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







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

Citrate ester

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.



TriButylCitrate

ATBC Acetyl TriButylCitrate

PCL (Poly caprolactone)



Melt-compounding of biodegradable polymer blends based on commercial aliphatic polyesters such as poly (lactic acid) 

(PLA), poly(ε-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. 



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

Under conditions of high temperature and high humidity, as in active 

compost, for example, PLA will degrade quickly and disintegrate within 

weeks to months. 

The primary mechanism of degradation is hydrolysis, followed by 

bacterial attack on the fragmented residues.

The environmental degradation of PLA occurs by a two-step process. 

During the initial phases of degradation, the high molecular weight 

polyester chains hydrolyze to lower molecular weight oligomers. 

The rate of hydrolysis is accelerated by acids or bases and is dependent on 

moisture content and temperature. 

Article dimensions, crystallinity, and blends will affect the rate 
of degradation. 
PLA products rapidly degrade in both aerobic and anaerobic 
composting conditions



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 



POLYHYDROXYALKANOATES (PHAs)
1. Chemical Structure of main 

biodegradable polymers

➢ 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 poly (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

➢ Poly-hydroxyalkanoates are synthesized and accumulated by 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 normally. In this circumstance the cell can accumulate
nutrient reserves: phosphorus in the form of polyphosphate (poly P) and carbon in the forms of polyhydroxyalkanoate
(PHAs).

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

General strucure of 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.

PHAs have good thermal properties
(melting point at 160-180°C) good processability
Good resistance in a large temperature’s range
from -30°C to +120°C.

Biotechnological studies revealed that PHB is produced under balanced growth
conditions when the cells become limited for an essential nutrient but are
exposed to an excess of carbon.

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

PHAs

In marine and terrestrial environments PHAs are biodegradable60

POLYHYDROXYALKANOATES (PHAs)



m is the number of groups 

CH2, n is the number of 

monomers ranging from 100 

to 30000, and R is the side 

chain

Monomeric Unit

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 (5HV

POLYHYDROXYALKANOATES (PHAs)



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) (PHBHx),

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

POLYHYDROXYALKANOATES (PHAs)



The number of -CH2 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-hydroxyhexanoate (3HHx)
into the chain increases elasticity.

- short-chain-length PHAs (scl-PHAs) consist of 3–5 carbon
atoms;

- medium-chain-length PHAs (mcl-PHAs) consist of 6–14
carbon atoms.



PHAs Natural Producers

✓Prokaryotes include bacterias and archaea
✓Bacillus
✓Alcaligenes
✓Azotobacter
✓Ralstonia eutropha
✓Vibrio
✓ Enterobacter
✓Cupriavidus
✓Methylobacterium



PHA extraction





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 1·104-3·106 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 

polypropylene (400%). 

PHA technical substitution potential 

Where:

++ represents the completely substitution;

+ represents the partial substitution;

- represents no substitution

POLYHYDROXYALKANOATES (PHAs)



Polycaprolactone

Poly lactic acid

Poly hydroxybutyrate

Poly EthyleneAdipate

PHAs properties



PHB thermally decomposes at temperatures

just above its melting point. 

A short exposure of PHB to temperature near 180°C could induce a 

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 b- 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 by 

the addition of a lubricant that prevents the degradation of the chains 

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.

PHA processing, thermal degradation



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.

PHAs can be processed mainly via injection moulding, extrusion and extrusion bubbles into films and hollow 

bodies.

PHA processing







Monitoring of the plants’ growth

“MARINE POTS"
Performance evaluation

In Marine Water In Dunes

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



Performance evaluation of "terrestrial pots"

outdoors buried greenhouse

74
PHBV and wood Fibres





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.

➢ PlanticTM 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.

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

Starch is composed of two 
polymers

Amylose 

(about 20%)

Amylopectin 

(about 80%)



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

STARCH



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

➢ Starch is a semicrystalline polymer, it represents
the major form of stored carbohydrate in plants.

➢ Neat starch has an high glass transition
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.

➢ Depending on the amount of water used during
processing, starch is ether gelatinized (large amount
of water) or melted (small water contents)

STARCH
Structure-Property

Correlations in Thermoplastic
Starch Blend and Composites



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

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. 

STARCH



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 Processing



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.

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 
development of crystallinity.

STARCH



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.

Succinic acid



For many years, Polybutylene succinate PBS and poly (butylene succinate co-adipate) PBSA were produced from 

petrochemical sources by Showa Highpolymer (Shanghai, China)

Introduced Bio PBS and bio PBSA    (PTT MCC Biochem company)

http://www.pttmcc.com/new/content.php?mid=W040


PBS is a white crystalline thermoplastic polymer having a density of 1.25 g/cm3, melting point (Tm) in the range of 90-120 °C 

and a low glass transition temperature (Tg) 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 

Adipate units act as soft segments leading to a lower glass 

transition and melting temperature for PBSA versus PBS

Poly (butylene succinate) (PBS) 

➢ The cost of PBS is around 3.2-4.5 €/Kg.

➢ Principal PBS producers are: Mitsubishi, Myriant, Reverdia
and Hexing Chemical.



This is a PBSA



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 

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

Poly (butylene succinate) (PBS) 



PBS and PBSA based blends after soil burial treatment for 1, 3 and 5 months

Poly (butylene succinate) (PBS) Biodegradability 



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

Chitin and chitosan: Chemical extraction, enzymes, ionic liquids, etc 
Work in progress…..



POLYSACCHARIDES
BIOMATERIAL FOR 

STRUCTURAL 
APPLICATION

wood: micro-composite of
cellulose in a lignin resin

exoscheleton of arthropodes:
micro-composite of chitin
fibrils in a protein matrix
(containing also calcium
carbonate)

Nature likes composites too…



The most abundant type of crystalline chitin is the a-chitin

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 



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).

Yadav M, Goswami P, Paritosh K, Kumar M, Pareek N, Vivekanad V, seafood waste: a source for preparation of commercial

employable chitin/chitosan materials

CHITIN AND CHITOSAN 

Chitosan



CHITIN PURIFICATION

N. Van Toan, The Open Biomaterials Journal, 1, 2009

Acid treatment 

Basic treatment

Acetylation degree should be higher
than 0,9 and molecular weight in the 
range 1-2,5*10 6

MNV Ravi Kumar, React. Funct. Polym, 46, 2000, 1-27 

Microfibers based materials



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
both crystalline and amorphous domains, but the
elimination of the amorphous phase results in chitin
nanofibrils (CNs), which lose their pro-inflammatory
and allergenic character and obtain anti-
inflammatory, anti-microbial properties.

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.

Chitin and chitosan
Nano chitin fibrils

Panariello, L., Coltelli, M.-B, Giangrandi, S., Garrigós, 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

https://doi.org/10.3390/polym14112274


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.

300 nm long and 10 nm wide nano-fibers

FROM CHITIN TO NANO-CHITIN



Production of films for shopping bags

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

Blown film extrusion in industrial plant

Sustainable technologies for the production of biodegradable materials

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



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.





L. Panariello, M.B. Coltelli , A. Harich, F. Braca4 S. Fiori, A. Haviv, F. Miketa,  Lazzeri,  A. Staebler , V. Gigante, P. Cinelli, Polymer, 
“Antimicrobial and gas barrier crustaceans and fungal chi-tin-based coatings on biodegradable bioplastic filmsPolymer, MDPI, 2022, 
under revision. 

Example of anti bacterial test on films coated with chitin nanofibrils



Patent applied: Hot melt biobased polymeric formulations for coating applications containing 
active biomolecules with antimicrobial and water repellent properties, Patent Application 
Number 102022000016212; 29 July 2022, UNIPI, INSTM, PLABIO. 

Formulations based on hot melts



Prototypes production

HM= Hot melts



● All the coated samples provided relevant antimicrobial

properties both for E. Coli and S. Aureus;

● The chitin + OLA coating on BIO-MI substrates was more

effective for E. Coli than for S. Aureus;

Example of anti bacterial test on films coated with chitin nanofibrils



i) 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. 

ii) 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. 

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

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

CONCLUSIONS



Funded projects

Biomass valorization
Protein, cutin, natural fillers 

Chitin and chitosan
Packaging, health care

PLA, PHA, PackagingProtein for coating and 
packaging
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