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1. Production of PHA from secondary 2. Production of biodegradable and

generation biomass— agroindustrial
waste using solid state fermentation

*  Physical and cehmical
characterisation of waste

compostable packaging materials
Development of biofilms— PHA, PLA, TPS, PBS
*  Using compostable coatings
*  Biodegradable additives
Examine of produced biofilms:
*  Dbiodegradability
*  Ecotoxycity
*  Compostability

*  Examine pure and mixed culture
*  Examine different extractions
methods
*  Optimization of process via SmF and
SSF
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Material
coordinate
system for
bioplastics
Bioplastics

are biobased,

biodegradable,
or both.

Source: Institute for Bioplastics and Biocomposites
(ifBB) and European Bioplastics (EUBP)

Bioplastics
Biobased feedstock
are are biodegradable
biobased : & biobased
Bioplastics Bioplastics
e.g. Biobased PE, e.g. PLA, PHA,
PEF, PET, PTT PBS, Starch
blends
Not
biodegradable . ...c.ceoiiii T ——TT e b Biodegradable
Conventional Bioplastics
plastics
e.g. PBAT, PCL are
nearty all biodegradable

conventional
plastics e.g. PE, PP,
PET, PMMA, PVC

Fossil-based feedstock

© European Bioplastics
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Global production capacities of bioplastics 2024

Biobased, non-biodegradable

43.7%
B PA 144%
Bl P 132%
0% Total:
PE 11.0%
2.47
PET 27% million
tonnes
PP 06% /‘l
f/
'?
B PEF* 0.0%
APC 1.7%
APC  Aliphatic Polycarbonates PBS Polybutylene Succinate
cP Casein Polymers and Copolymers
CR Cellulose Regenerates PE Polyethylene
PA Polyamides PEF  Polyethylene Furanoate

PET

PTT
SCPC Starch Containing Polymer Compounds

Biobased, biodegradable
56.3%

B 37.1%PLA
6.7% SCPC
4.6% PBAT
B 41% PHA
Il 33% CR
1.3% PBS

B o02% cP

Polyhydroxyalkanoates
Polylactic Acid
Polypropylene
Polytrimethylene Terephthalate

Global production capacities

of bioplastics

187% 17.0%

2023 2028

NORTH AMERICA

13.0%
SOUTH l 3.9%
AMERICA |
2023 2028

Source: European Bioplastics,
nova-institute (2023}

71.5%
55.3%
12.8%
7.3%
2023 2028 ASIA
EUROPE
2023 2028
02% 03% AUSTRALIA/
2023 208 OCEANIA

* PEF available at commercial scalo as of 2024
Source: European Bioplastics, nova-institute (2024)

Bioplastics

Global production capacities of bioplastics 2029

Biobased, non-biodegradable Biobased, biodegradable

34.0% 66.0%
N P 75% B 423%PLA
B T 69% ‘ 24% SCPC
Total:
PE  89% 2.0% PBAT
5.73
PET 1.1% million Bl 17.0% PHA
PP 85% B 15% CR
BN PEF* 03% 0.6% PBS
APC 0.8% B o02% cP
APG  Aliphatic Polycarbonates PBS  Polybutylene Succinate PHA  Polyhydroxyalkanoates
CP  Casein Polymers and Copolymers PLA  Palylactic Acid
CR Gellulose Regenerates: PE Polyethylene PP Polypropylene
PA Polyamides PEF  Polyethylene Furanocate PTT  Polytrimethylene Terephthalate
PBAT lip: PET SCPC Starch Containing Polymer Compounds

Global production capacities of bioplastics
2024 (market segments by polymers)

Total capacities
(all regions)

7.43

milfon tornes

218

millon tornes

2023 2028

in 1,000 tonnes
10
Biobased, non-biodegadabla  Biabosed, biodegadabie
PET PBAT
PE | PBs
- e e s
) s
PP scre a7
. e M
APc [ a2
_
1208
3.0
730
- . - . .
—
Oers  Functionl  Eleciicsd  Agriculired  Auiomotve  Comsumer Fibres Rigid Flesibie
fooslings & sleciromica  horliculiure & ransport goods  oclwown  packaging  packeging

* PEF available at commercial scale as of 2024
Source: European Bioplastics, nova-institute (2024)

Souce: Eurcoan Blopinatics,
vt (2024)
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FKITMCMXIX Production of bioplastics from biomass

First-Generation Second-Generation Third-Generation Fourth-Generation

B = g 11

v

Edible biomass Non-edible biomass Algal biomass Electrical driven
Sugar beet, wheat, corn, Miscanthus, switchgrass, rice Microalgae, macroalgae Polarized electrodes as
potatoes, canola straw, rice husk, saw dust, electron source

municipal waste, animal
by-product streams

L V ) l

There is a clear trend in research showing a Potential problems: the economic feasibility of
shift to second-generation feedstock usage, microalgae production, such as difficult culture
due to concerns about available quantities conditions, high contamination risks, complex
and food prices. cleaning processes as well as low cell densities and
High abundances of second-generation productivities

6 feedstocks and lower market competition

lead to lower prices.
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. Hydrolysis
e )
PHASs capable of o Simple fermentable
biodegrading in any /a‘ sugars
et esatdl
ﬁ I.I;nln removal
[ ]
/ : Bacterial fermentation
[ )
PHA granules
.7 (,carbonosomes”)
Bioreactor
PHA-rich microbial cell
X: Degree of pol ization (number of [ ]
R: Side chain of monomers
n: Number of methylene groups in ‘st
*: Assymetric carbon atom of most monomers (exeption: 4HB)
Shydrogbutyrate  (3HB)  R=CH  n=1 (schPHA)
3-hydroxyvalerate (3HV)  R=CHs n=1 (sc-PHA)
ahydrogbutyrate  (4H8)  R=H n=2  (schPHA; achiral) PHA structure
3-hydroxyhexanoate (3HHX)  R=C3Hy n=1  (mcl-PHA)
3-hydroxyoctanoate  (3H0)  R=CHyy  n=1  (mcl-PHA)
Funded by
the European Union
7 This research was conducted as part of the project , Production and development of compostable packaging from waste biomass for

the packaging of industrially processed food products” (NPOO.C3.2.R3-11 .04.0059) funded by National Recovery and Resilience

Plan (funded by the European Union, NextGenerationEU).

Polyhydroxyalkanoate

Polyhydroxyalkanoates polyesters are
synthesized and accumulated in
various microorganisms,  usually
when entering the stationary phase of
growth.

PHAs form intracellular inclusions
and can be synthesized to store carbon
and energy, and can reach 80% of cell
weight.

They are synthesized intracellularly as
insoluble cytoplasmic inclusions in the
presence of excess carbon, when other
essential nutrients such as oxygen,
phosphorus, or nitrogen are limited.
These polymeric materials may be stored
at high concentrations inside the cell,
since it does not substantially alter its
osmotic state.
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Polyhydroxyalkanoate

®thermoplastic
® biocompatible
®biodegradable

PHA o o

H, GH, CH;

GH, Hy CH,

GH CH, CH, CH, CH,

cH, GH, cH, o, cH, cH,

GH, GH; GHa GHa ¢H; GHs GHy

¢, ¢ GHa
= H! :-_;H!

S RECRES RESRES RES FES R NES!

P(3HB) P(3HV)  P(3HHx) P(3HHp) P(3HO) P(3HN) P(3HD) P(3HUD) P(3HDD)

Ca Cc5 Cé c7 c8 c9 C10 Ci1 Cciz

\ v A v A
Short-chain length Medium-chain length Over 160
PHA PHA monomers

Funded by
the European Union

This research was conducted as part of the project ,Production and development of compostable packaging from waste biomass for
S the packaging of industrially processed food products” (NPOO.C3.2.R3-11 .04.0059) funded by National Recovery and Resilience
Plan (funded by the European Union, NextGenerationEU).
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® Cleaning
® Crushing
® Grinding
® Heat
treatment

Pretreatment

4

Substrate for
Microbial Growth

Accumulatiod xl-'cnncmation
PHA PLA

Downstream Processing and
LCxtraction of Polymer

Apple Tomato
waste waste
©i2 BY

o
% e e P
Plum Pepper
waste waste
YRS
> s-@:
Plum Peas waste
waste ‘ g\
0.0 1R
Biodegradation
)
(4
> |
Plastics Products

Plasticizers Additives
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Processing of Plastic

Production of PHA by SmF
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Production of PHA by SmF B

High-solid pretreatments

Combination of physical, PRETREATMENT

chemical and biological agents | AIM: To break structural integrity of
Chemical recycling bagasse and produce fermentable suga
Use of recycled chemicals

Apple waste | Tomato waste' Pepper waste

' ‘ Plum waste Peas waste Beets waste
*’ < *' = % :ﬁ
. ENZYMATIC SACCHARIFICATION
Plumwaste | Peaswaste = Beets waste Cellulase and auxiiary enzymes | - AIM: To generate concentrate Sugar

with high re-usability solution by degradation of cellulose
@

Apple waste Tomato waste Pepper waste

PURIFICATION (—
AIM: Removal of soluble and
Optimal fermentation parameters, e, insoluble biomass derived-
improved one-step feeding, substrate |+ chemicals typical to bagasse
detoxification, selection of high-yield L@ L

microbes vz

00

Hydrolysate 'fAdr fermentation

Funded by
the European Union

This research was conducted as part of the project ,, Production and development of compostable packaging from waste biomass for
10 the packaging of industrially processed food products” (NPOO.C3.2.R3-11 .04.0059) funded by National Recovery and Resilience ;
Plan (funded by the European Union, NextGenerationEU). PTE  Podravka?

LS
..... ROTOPLAST
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Peas waste

Funded by
the European Union

This research was conducted as part of the project ,, Production and development of compostable packaging from waste biomass for &P i ]
11 the packaging of industrially processed food products” (NPOO.C3.2.R3-11 .04.0059) funded by National Recovery and Resilience =

Plan (funded by the European Union, NextGenerationEU). PTE  Podravka? C? .
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FKITMCMXIX
Initial conditions (duration 6,5 days)_Experiment 1
Vinitial (reducing sugars (fructose, glucose, and sucrose ) / g/L 15.0
pH-value / - 6.9
Culture Mixed culture of C. necator and P. putida
Optical densityeponm/ - 0.9
T/°C 30.0
rpm 250.0
Atr/mL/min 300.0
Imitial conditions (duration 2,5 days)_Experiment 2
Vinitial (reducing sugars (agroindustrial waste - peas ) / g/L 15.0
pH-value / - 6.9
Culture C. necator
Optical densityeponm/ - 0.9
T/°C 30.0
rpm 350.0
Atr/mL/min 400.0
- Funded by
the European Union
This research was conducted as part of the project ,, Production and development of compostable packaging from waste biomass for oo
12 thepackaging of industrially processed food products” (NPOO.C3.2.R3-11 .04.0059) funded by National Recovery and Resilience

Plan (funded by the European Union, NextGenerationEU). PTE  Podravka? Rmc?m
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Production of PHA by SmF B

Experiment 1

100 @ 600
o § 0o o
500
80 ° @ ° °
. 70 r. X X4 % e ) g s p
= ° o ° ’ ® e O s 400 g
® 60 e ° o B =
X 5 . ok '” 4 30 T
- ® .ro ° 000 ® ° ® e
O 40 | e .' o0 o * ° $ w
Q 3, = ° : o © L s . 200
°
20 o o ® ° ®
100
10 ® 0‘: ‘o ) e b
0 0
0 20 40 60 80 100 120 140
Time / h

®DO (%sat.) ®Feed

Funded by
the European Union

This research was conducted as part of the project ,, Production and development of compostable packaging from waste biomass for
13 the packaging of industrially processed food products” (NPOO.C3.2.R3-11 .04.0059) funded by National Recovery and Resilience :
Plan (funded by the European Union, NextGenerationEU). PTE  Podravka?
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Production of PHA by SmF B
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4.5
3,5
2,5

15

Optical density / -

0,5

Funded by
the European Union

This research was conducted as part of the project ,, Production and development of compostable packaging from waste biomass for
14 the packaging of industrially processed food products” (NPOO.C3.2.R3-11 .04.0059) funded by National Recovery and Resilience
Plan (funded by the European Union, NextGenerationEU).
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Peas waste
D

S
A

AR

Experiment 2

100 140

% 120

80 |
o 70 | 100
g g
8 g0 E
50 -
Q & 3

30 40 -

20 J / .

10

0 0

01234567 8 91011121314 1516 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38
Time /h
——DO (%sat.) Feed

Funded by
the European Union

This research was conducted as part of the project ,Production and development of compostable packaging from waste biomass for
the packaging of industrially processed food products” (NPOO.C3.2.R3-11 .04.0059) funded by National Recovery and Resilience
Plan (funded by the European Union, NextGenerationEU).
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Optical density / -
[
[92 BN 93]

-
= o M

o
o o

t/ days

Funded by
the European Union

This research was conducted as part of the project ,Production and development of compostable packaging from waste biomass for
16 the packaging of industrially processed food products” (NPOO.C3.2.R3-11 .04.0059) funded by National Recovery and Resilience
Plan (funded by the European Union, NextGenerationEU).
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DETERMINATION OF BIODEGRADABILITY

FKITMCMXIX
Compostable plastics Test methods ‘ Certifications
1. Biodegradation 2. Disintegration 3. Ecotoxicity Recultsiom
ISO 14855 1SO 16929 & tieauyimetalitest third-party testing
ASTM D5338 lab
Disintegration
J Test material: Test material: Test material:
cryogenically ground Formulated article Formulated article
5 e A0 polymeric powder in a pilot compost in a pilot compost
i J
@ &
v Test: Test: Test:
CO: evaluation 2 mm sieve test Chemical
|4 or oxygen characteristic
Ecologlcal‘@ mﬁ‘;’,‘;‘,’i'fgﬁon consumption and plant growth
ificati :
COz2 + H20 + Cbiomass Four test methods combined as EN 13432/ ASTM D6400/ ISO 17088 dc,?f:'rﬁ?;t:};%; Eﬁgf;"s e

ISO 17556:2019 ISO 14852:2021

Plastics — Determination of the ultimate Determination of the ultimate aerobic

aerobic  biodegradability of plastic biodegradability of plastic materials in

materials in soil by measuring the oxygen an aqueous medium — Method by

demand in a respirometer or the amount analysis of evolved carbon dioxide

of carbon dioxide evolved

- rhuenngot:)ian Union ‘.’ 1‘ e )
17 This researchwas conducted as part of the project , Production and development of compostable packaging from waste biomass for bl g gk g

9

the packaging of industrially processed food products” (NPOO.C3.2.R3-11 .04.0059) funded by National Recovery and Resilience
Plan (funded by the European Union, NextGenerationEU). P I F Podravka
cRurA ROTOPLAST
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Funded by
the European Union
This researchwas conducted as part of the project ,, Production and development of compostable packaging from waste biomass for
18

the packaging of industrially processed food products” (NPOO.C3.2.R3-11 .04.0059) funded by National Recovery and Resilience
Plan (funded by the European Union, NextGenerationEU).




Determination of biodegradability
PTF Podray!@_" Roroc?mm Qf biOplaStiCS
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s progress |
- - o
op A P Measuring channel 0 =
) Om:36s ’ E‘
. -
B16% CO2: 607 ppn <
607 ppm Flow MFC . 50 mUmin Flow Analyzer ;59 mi/min el
L measurements - Experiment Name : test 040225 Fiow
1l
e
02 20,06W
02 WO ppem |
o !
Cammption 02 ||
WProduction €02 - | |
Dot b6 [

v ANE Ay i !
7
Financirs
Sarogalie ol This rososrch was conducted 88 Part of the project Production and development of coMpostable packaging fom waste biomass 1or the packaging of Industrially
Netanaratongy)  Processed1ood products™ (NPOO.C3.2.R3-1..04.0089) funded by Nationsl Hiecovery and fosiiance Plan (funded by the Europesn Urkon, NextGenerationt U)
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